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Eukaryotic protein kinases are key enzymes of signal transduction pathways that 
play a fundamental role in regulation of various biological processes such as cell cycle 
progression, cellular response to environmental changes, morphogenesis and 
development. Although functions of many kinases have already been investigated and 
described, a comprehensive analysis of all protein kinases has not been carried out in 
Schizosaccharomyces pombe. In a large-scale genomic approach, we generated a bank of 
fission yeast deletion mutants and identified three novel protein kinases indispensable for 
vegetative growth. Furthermore, systematic analysis of non-essential deletion mutants 
enabled functional grouping of kinases and established that 30% of them are required for 
aspects of conjugation, meiosis and sporulation. The deletion screen of fission yeast 
protein kinases led also to the identification of Pdk1p and Lsk1p, proteins participating in 
the regulation of mitotic/cytokinetic events.  
Pdk1p is a novel protein homologous to phosphoinositide dependent protein 
kinases. Cells depleted of Pdk1p were found to be defective in several aspects of mitosis 
and cytokinesis. pdk1∆ mutants accumulate cells with a) misplaced actomyosin 
rings/septa, b) multiple nuclei c) excessive proliferation of intranuclear astral 
microtubules. Examination of synchronous populations of pdk1∆ cells showed that the 
time required for the emergence of binucleate cells as well as assembly of the actomyosin 
rings (and septa) was significantly prolonged compared to the wild-type, indicating a 
delay in mitosis. Interestingly, upon removal of the spindle assembly checkpoint (SAC) 
components Mph1p or Mad2p, cells entered anaphase with wild type dynamics. Thus the 
 VII
delay was likely due to the activation of SAC. The excessive proliferation of intranuclear 
astral microtubules and increase in the proportion of cells with unattached kinetochores 
(visualised by the localisation of Mad2p) pointed towards defects in kinetochore-
microtubule attachment, explaining activation of SAC and the metaphase delay of pdk1∆ 
mutants. Surprisingly, the ring assembly delay was only partially corrected upon deletion 
of Mad2p/Mph1p proteins, suggesting that additional perturbations affect the structure of 
the actomyosin ring. 
 Pdk1p localises to spindle pole bodies (SPBs) and to a medial cortical region with 
a pattern similar to that of the fission yeast polo kinase, Plo1p, an enzyme required at 
several stages of mitotic progression and cytokinesis. Furthermore, pdk1∆ is synthetically 
lethal with some temperature sensitive alleles of plo1. The synthetic lethality arises from 
multiple defects i.e. failure in chromosome segregation, misplacement of actomyosin 
rings, excessive septation, as well as failure in cytokinesis reflected in high percentage of 
cells with multiple nuclei and septation initiation network defective SIN phenotype, and 
indicates genetic interaction between pdk1 and plo1.  
Plo1p plays an important role in the mechanism determining the division plane by 
facilitating nuclear exit of the anillin-related pleckstrin homology domain protein, Mid1p 
upon entry into mitosis. It is also required for the compaction of a broad cytoplasmic 
Mid1p structure into a tight ring. While we did not observe any deviation in the 
localisation of several actomyosin ring markers in pdk1∆ cells, compaction of the broad 
Mid1p band into a tight ring was severely affected. In addition, Pdk1p failed to localise to 
the medial cortical region in the absence of mid1, as was reported for Plo1p. These data 
suggest that Plo1p and Pdk1p possibly function in an overlapping manner to regulate 
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mitotic progression, actomyosin ring positioning and SIN signalling. Although we could 
not detect physical interaction between Pdk1p and Plo1p or Mid1p, it is formally possible 
that Pdk1p and Plo1p could phosphorylate Mid1p to regulate its structural properties 
leading to timely actomyosin ring assembly and incorporation of Mid1p into the 
actomyosin ring. 
Several observations indicated that Pdk1p might be involved in influencing the 
septation initiation network that governs actomyosin ring constriction and septation in S. 
pombe.  Similarly to components of this cascade, Pdk1p localises to the SPBs. Moreover, 
approx. 8% of pdk1∆ cells are unable to complete cytokinesis and show a phenotype 
termed SIN phenotype, characteristic of some loss of function mutations of the pathway. 
Finally, pdk1∆ is synthetically lethal with temperature sensitive alleles of sid2, spg1 and 
sid4. Investigation of the localisation of SIN components in pdk1∆ mutants as well as the 
localisation of Pdk1p in the absence of SIN did not reveal any dependencies. Although 
levels of Cdc14p were reduced in the absence of pdk1, over-expression of this protein did 
not result in rescue of the SIN phenotype of pdk1∆ mutants. Given that SIN proteins 
participate in correcting defects associated with the cell division apparatus, this could 
provide an explanation to the observed synthetic lethality between pdk1∆ and SIN 
mutants. 
Sequence analysis of Pdk1p showed homology to members of the family of 
phosphoinositide dependent protein kinases. Interestingly over-expression of mouse 
homolog mPDK1 in fission yeast pdk1∆ cells led to decrease in the percentage of cells 
with multiple nuclei, SIN phenotype and misplaced septa, indicating a partial rescue. Our 
experiments also established that Pdk1p is able to bind to phosphorylated 
 IX
phosphoinositides in vitro.  Given the high degree of conservation of members of the 
PDK1 family of kinases, these studies should therefore be relevant to the understanding 
of cellular function of related kinases in metazoans and plants. 
 X




Bimbó A, Liu J, Balasubramanian MK. (2005) Roles of Pdk1p, a fission yeast protein 
related to phosphoinositide-dependent protein kinase, in the regulation of mitosis and 
cytokinesis. Mol Biol Cell. (7):3162-75 
 
Bimbó A, Jia Y, Poh SL, Karuturi RK, den Elzen N, Peng X, Zheng L, O'Connell M, Liu 
ET, Balasubramanian MK, Liu J. (2005) Systematic deletion analysis of fission yeast 
protein kinases. Eukaryot Cell. (4):799-813.  
 
Jin QW, Zhou M, Bimbó A, Balasubramanian MK, McCollum D. (2006) A role for the 
septation initiation network in septum assembly revealed by genetic analysis of sid2-250 
suppressors. Genetics (4):2101-12.  
 
Karagiannis J, Bimbó A, Rajagopalan S, Liu J, Balasubramanian MK. (2005) The 
nuclear kinase Lsk1p positively regulates the septation initiation network and promotes 
the successful completion of cytokinesis in response to perturbation of the actomyosin 
ring in Schizosaccharomyces pombe. Mol Biol Cell. (1):358-71.  
 
Rajagopalan S, Bimbó A, Balasubramanian MK, Oliferenko S. (2004) A potential 
tension-sensing mechanism that ensures timely anaphase onset upon metaphase spindle 
orientation. Curr Biol. (1):69-74.  
Lovas Á, Sós-Hegedűs A, Bimbó A, Bánfalvi Z. (2003) Functional diversity of potato 
SNF1-related kinases tested in Saccharomyces cerevisiae. Gene. 321:123-9.  
 
Lovas Á, Bimbó A, Szabó L, Bánfalvi Z. (2003) Antisense repression of StubGAL83 
affects root and tuber development in potato. 









LIST OF TABLES 
 
 
Table 1. Yeast strains used in this study. .......................................................................... 38 
 
Table 2. List of plasmids................................................................................................... 41 
 
Table 3. List or primers..................................................................................................... 43 
 
Table 4. Phenotypic assessment of non essential protein kinase deletion mutants grown 





LIST OF FIGURES 
 
Figure 1. The fission yeast cell cycle.................................................................................. 6 
 
Figure 2. The septation initiation network........................................................................ 13 
 
Figure 3. The unrooted phylogenetic tree of fission yeast protein kinases....................... 17 
 
Figure 4. Schematic representation of PtdIns(3,4,5)P3 synthesis. .................................... 24 
 
Figure 5. Strategy for deletion allele construction and verification of knock out strains. 27 
 
Figure 6. Basic characterisation of three essential putative kinases. ................................ 47 
 
Figure 7. Representative images of growth abilities of non-essential protein kinases at   
indicated stress conditions. ............................................................................................... 50 
 
Figure 8. Phenotypic clustering of hypersensitive mutants. ............................................. 54 
 
Figure 9. Sporulation assay............................................................................................... 58 
 
Figure 10. Pdk1p is related to phosphoinositide dependent protein kinases. ................... 60 
 
Figure 11. pdk1∆ is defective in mitosis and cytokinesis. ................................................ 62 
 
Figure 12. Metaphase delay in pdk1∆............................................................................... 66 
 
Figure 13. Subcellular localisation of Pdk1p.................................................................... 70 
 
Figure 14. Protein levels of Pdk1p do not change during the cell cycle........................... 74 
 
Figure 15. Genetic interactions of pdk1 with plo1............................................................ 76 
 
Figure 16.  clp1∆ shows an additive deleterious effect in combination with pdk1∆ or 
mid1∆. ............................................................................................................................... 79 
 
Figure 17. Pdk1p has a role in the assembly of the Mid1p ring. ...................................... 81 
 
Figure 18. Two-hybrid interactions between pdk1, mid1 and plo1. ................................. 84 
 
Figure 19. pdk1∆ is synthetically lethal with several mutants of the septation initiation 
network. ............................................................................................................................ 86 
 
 XIII
Figure 20. Localisation dependencies of SIN and Pdk1p. ................................................ 88 
 
Figure 21. The levels of Cdc14p are significantly decreased in pdk1∆ cells. .................. 90 
 
Figure 22. The mouse homologue, mPDK1 partially rescues some cytokinetic defects of 
pdk1∆ cells. ....................................................................................................................... 92 
 




LIST OF APPENDICES 
 
 
Appendix 1. List of all protein kinases in the S. pombe genome.................................... 127 
 
Appendix 2.  The phosphoinositide-3 kinase family. ..................................................... 131 
 
Appendix 3. Primers used for construction of protein kinase deletion alleles................ 132 
 
Appendix 4. Stress factors and concentration ranges used in this study. ....................... 136 
 XV
LIST OF ABBREVIATIONS 
 
AD  activation domain 
Ade  adenine 
Akt/PKB V-akt murine thymoma viral oncogene homolog 1/Protein kinase B 
APC/C  anaphase promoting complex/cyclosome 
bp  base pair 
BSA  bovine serum albumin 
cDNA  complementary DNA 
CIP  calf alkaline intestine phosphatase 
CFP  cyan fluorescent protein 
DAPI  4’’6,-diamindino-2-phenylindole 
DNA  deoxyribonucleic acid 
DNA-BD DNA-binding domain 
DTT  dithiothreitol 
EB  elution buffer 
EDTA  ethylendiamine tetra acetic cid 
EMM  edinborough minimal medium 
EMS  metansulphonic acid ethyl ester 
F-actin  fibre actin 
IPTG  isopropyl-β-D-thiogalactopyranoside 
GAP  GTPase-activating protein 
GFP  green fluorescent protein 
GST  gluthation-s-transferase 
G1/G2  gap1/gap2 phase of the cell cycle 
HA  haemaglutinin tag 
HAH  haemaglutinin (HA)-histidine (His6) tag 
His  histidine 
HU  hydroxyurea 
IgG  immunoglobulin G 
I  interphase  
I2  iodine 
kDa  kilo Daltons 
Lat-A  latrunculin-A 
Leu  leucine 
LB  Luria-Bertani broth 
M  mitosis 
MBC  methyl 2-benzimidazole carbamate 
NP40  Nonidet P-40 
OD  optical density 
O/N  overnight 
ORF  open reading frame 
PI  phosphatase inhibitors 
PtdIns  phosphatidylinositol 
 XVI
S  synthesis phase of the cell cycle 
SAC  spindle assembly checkpoint 
SDS  sodium dodecyl sulphate 
SIN  septation initiation network 
SPB  spindle pole body 
PAGE  polyacrylamide gel electrophoresis 
PBD  polo box domain 
PBS  phosphate buffered saline 
PBS-T  phosphate buffered saline-Tween20  
PCR  polymerase chain reaction 
PH  pleckstrin homology 
PI3K  phosphoinositide-3 kinase 
PLK  polo like kinase 
PKB  protein kinase B 
PKC  protein kinase C 
PMSF  phenylmethylsulphonyl fluoride 
PRK  protein kinase C related kinase 
rpm  revolutions per minute 
RT  room temperature 
RSK  p90 ribosomal S6 kinase 
SGK  serum and glucocorticoid-induced protein kinase 
S6K  p70 ribosomal S6 kinase 
S/TK  Serine/Threonine kinase 
TBZ  thiabendazole 
Tris  Tris(hydroxymethyl) aminomethane 
ts  temperature sensitive 
Ura  uracil 
wt  wild type 
Y  tyrosine 
YE  yeast extract 
YES  yeast extract supplements
 1
INTRODUCTION 
1.1. Principles of the cell cycle 
 
Reproduction, a fundamental property of a cell, is achieved by duplicating its 
contents and separating them into two independent entities. This is achieved by a series 
of strictly unidirectional events and results in progeny containing faithfully replicated and 
segregated chromosomes.  
The cell cycle has been differentiated into two major phases. M phase is 
characterised by events of nuclear division (mitosis), followed by physical separation of 
the cell (cytokinesis) while interphase (I) encompasses the time during which the cell 
prepares for the next division. Interphase, which is a considerably longer period in the 
cell cycle, has been further subdivided into gap1 (G1), synthesis (S), and gap2 (G2) 
phases. Main processes of these phases include intensive growth and replication of DNA. 
Moreover, in G1 and G2 important machineries operate that control entry into S and M 
phases in response to cellular and environmental cues.  
Ordered progression through the cell cycle is governed by a set of specialised 
protein complexes build up from two types of components: protein kinase subunits 
referred to as cyclin dependent kinases (CDKs) and their activators, termed cyclins. 
While CDK proteins are present in the cell throughout the cell cycle, their cyclin partners 
are synthesised and degraded in a recurring manner. The periodic activation of the 
complex is essential to pass through the cell cycle transition points (G2/M and G1/S) and 
to induce the downstream processes [1].  
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1.2. Principles of cell division in eukaryotes 
 
Cell division encompasses the nuclear events of mitosis and cytoplasmic 
processes of cytokinesis (in most cell types). Despite dissimilarities at the levels of 
molecular components or the execution of mitosis, mitosis could be described as 
conserved, due to a universal requirement for the bipolar spindle that partitions the 
chromosomes into the daughter nuclei. Cytokinesis however, shows a higher degree of 
diversity across the eukaryotic super-kingdom.   
In  majority of metazoans, cytokinesis is accomplished via the contraction of the 
cortically formed ring structure that consists of actin- and non-muscle myosin II filaments 
(accompanied by numerous other proteins). While formation of the actomyosin ring is a 
common feature of eukaryotes (the major exception being higher plants), several other 
aspects of cytokinesis are highly variable processes.  
The spatial assembly of the actomyosin ring is specified either by the position of 
the mitotic microtubules (MTs) (metazoans), by the position of the interphase nucleus 
(fission yeast), or determined by the site of the previous division (budding yeast) 
(reviewed in [2]).  
In addition to the actomyosin ring, the central spindle plays an important role in 
the cytokinesis of animal cells. During constriction of the actomyosin ring, the central 
spindle compacts and transforms into the midbody, a structure that provides a platform 
for concentrating regulators of cytokinesis [3, 4]. Midbody formation is absent from 
unicellular eukaryotes and this difference arises from the variation in the behaviour of the 
nuclear envelope in mitosis [2]. In yeasts the nuclear envelope does not break down, 
therefore the intranuclear mitotic spindle is physically separated from the cortex [5]. [6]  
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Concomitantly with the constriction of the actomyosin ring, the plasma membrane 
undergoes remodelling. While the extent of membrane synthesis is variable, targeted 
secretion is required for efficient cytokinesis in most eukaryotic organisms (reviewed in 
[3, 7]. Additional factors that are specific in the final stages of the cell separation mirror 
differences in the cellular architecture. Accordingly, some organisms with a rigid cell 
wall structure employ specific machineries that are required for a) deposition of the cell 
wall material behind the constricting ring and b) synthesis of enzymes necessary for the 
liberation of the daughter cells.   
As indicated above, cell division is a highly diverse event in the life of various 
eukaryotic cells. Notwithstanding the dissimilarities, numerous related factors regulate 
this complex process and common features of the cell division apparatus can be identified 
in divergent organisms [2, 3]. Thus, insights gained from studies on one model organism 
could facilitate understanding of aspects of cell division in other eukaryotic systems.  
1.3. Fission yeast as a model organism 
  
S. pombe is a unicellular fungus first described by Lindner in 1893. It has evolved 
as an important eukaryotic model organism owing to several key properties. Notably, 
fission yeast has one of the shortest generation times among eukaryotes and can be 
propagated in both haploid and diploid form. Moreover, it is particularly amenable to 
genetic manipulations. These important features of fission yeast triggered a high number 
of various chemical mutagenesis screens resulting in isolation of conditional lethal 
mutants (reviewed in [8, 9]). Forward genetic approaches paired with straightforward 
cloning of genes through complementation led to prominent advances in molecular 
biology and in particular, major discoveries in the field of the cell cycle regulation [1]. 
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Upon recent completion of genome sequencing [10] reverse genetics and genome wide 
analyses have also become feasible. The above described ‘positive attributes’ of this 
unicellular eukaryote are further enhanced by advanced cytological and imaging 
techniques as well as biochemical methods developed over the past 40 years. 
Fission yeast cells, similarly to metazoans, utilise a contractile actomyosin ring in 
order to complete cytokinesis. Furthermore, several molecules that play important role 
during mitosis and cytokinesis of S. pombe are conserved [2, 8], signifying the suitability 
of this yeast as a model system for cell division studies, and in particular cytokinesis.  
1.4. Cell division in Schizosaccharomyces pombe 
 
1.4.1. General overview of the mechanism of cell division in S. pombe 
 
Fission yeast cells are rod shaped, grow by tip extension, and divide 
symmetrically by laying down cell wall material perpendicularly to the long axis. Given 
that during growth the diameter remains constant, the length of the individual cell is 
indicative of the progression through the cell cycle [11].  
Physical execution of cell division necessitates major rearrangements of the 
cytoskeleton. Upon commitment to mitosis, the interphase anti-parallel array of 
microtubules disassembles in order to give rise to a bundled mitotic spindle. The actin 
cytoskeleton also undergoes significant changes. In contrast to interphase cells, where F- 
actin is concentrated in the form of patches and cables at the growth zones, dividing cells 
accumulate actin at the cleavage site. These events are initiated by the ordered assembly 
and activation of CDK1-cyclin B complex, named also M-phase promoting factor (MPF). 
Regulation of MPF in turn is achieved by activating and inhibiting interactions of CDK1 
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(Cdc2p) through phosphorylation/dephosphorylation (reviewed in [8, 12]).  (While 
phosphorylation of Cdc2p at tyrosine (Y) 15 by Wee1p/Mik1p kinase inhibits the 
complex [13-17], the antagonistic action of Cdc25p phosphatase at this site not only 
activates MPF, but also triggers a positive feedback loop [18-21]. This autocatalytic 
feedback loop further activates both Cdc25p and MPF and at the same represses the 
inhibitory Wee1p/Mik1p.)  
The major events of cell division in S. pombe are indicated in Figure 1. In 
preparation for chromosome segregation, the intranuclear mitotic spindle nucleates from 
the spindle pole bodies (SPBs) [22], which are structural equivalents of centrosomes. 
During nuclear division the SPBs, which are embedded into the nuclear envelope, 
separate from each other. The dynamics and extent of spindle elongation varies with the 
progression through mitosis and accordingly, has been differentiated into three phases 
[23]. The initial period, or phase I is characterised by rapid movement of SPBs and 
persists until the mitotic spindle spans the diameter of the nucleus. During phase II no 
significant elongation of the spindle can be observed and two major events such as 
metaphase (the chromosomes align between poles) and anaphase A (the sister chromatids 
move towards the poles) mark this period. In the last step of nuclear division, the DNA 
masses are pulled rapidly towards the cell ends by the sliding microtubule filaments, 
indicative of anaphase B as well as phase III.  
Concomitantly with nuclear events, myosin II filaments appear at the division 
plane specified by the landmark protein Mid1p/Dmf1p [24, 25] whose location is in turn 
influenced by the position of the interphase nucleus [26]. Myosin filaments are joined by 
numerous proteins and F-actin in a specific order (reviewed in [27]). The highly dynamic
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contractile ring structure assembled from these components emerges in 
metaphase/anaphase. Constriction of the actomyosin ring occurs at the time of 
disassembly of the mitotic spindle. This event is coupled with the deposition of septum 
material and is regulated by a signalling pathway referred to as the septation initiation 
network (SIN) (reviewed in [2, 28]). Finally, cell separation is caused by enzymatic 
digestion of the primary septum through a mechanism involving endoglucanases. 
1.4.2. The spindle assembly- and cytokinesis checkpoints in S. pombe 
 
To ensure that cells do not proceed into the next phase of the cell cycle until all 
critical events of the previous stage are accomplished, organisms have developed a 
feedback system that controls progression through the cell cycle. These controls (referred 
to as checkpoints) operate at several key points of the cell cycle and function to induce 
delays in response to intrinsic and extrinsic conditions, and thus promote the successful 
completion of cell cycle events.  
One such checkpoint, called the spindle assembly checkpoint (SAC), controls the 
segregation of chromosomes during mitosis by monitoring interaction between 
chromosomes and microtubules. Elements of SAC have been observed to localise to 
kinetochores where they sense the occupancy of kinetochores and/or lack of tension 
resulting from monopolar attachment (reviewed in [29-31]). In conditions where one (or 
more) kinetochore(s) fail to attach to the mitotic spindle, or the proper tension is not 
established, the SAC maintains cohesion of chromosomes. This process, physically 
mediated by the cohesin complex [32], impedes entry into anaphase. The separation of 
sister chromatids through the cleavage of cohesin by separase (Cut1p) [33] occurs when 
the inhibitory signal of SAC is inactivated. The machinery required for downstream 
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events is composed of the anaphase promoting complex/cyclosome (APC/C), a cell cycle 
regulated ubiquitin ligase (reviewed in [34]) and the 26S proteasome. The active APC/C 
complex polyubiquitinates several mitotic targets such as the securin (Cut2p, [33, 35]) 
component of the separase complex [36] and the key cell cycle regulator cyclin B 
(Cdc13p) [37]. The polyubiquitinated proteins are then recognised and degraded by the 
multiubiquitin-dependent 26S proteasome (reviewed in [38]). The ordered degradation 
results in a) termination of cohesion and therefore separation of sister chromatids and b) 
inactivation of mitotic cyclin dependent kinase Cdk1 (Cdc2p [39]), which triggers 
irreversible changes in mitotic progression.  
Bona fide SAC components such as Mad1p, Mad2p, Mad3p, Mps1p, Bub1p and 
Bub3p were first identified in budding yeast [40-43] and show a high degree of 
conservation across phyla (reviewed in [44]). Such conservation has allowed for the 
identification of the S. pombe proteins: Mad1p, Mad3p, Bub1p [45-47]. Two additional 
proteins Mad2p and Mph1p were isolated in genetic screens based on lethal metaphase 
arrest phenotype they conferred to the cells when overexpressed [48, 49]. The SAC 
proteins form distinctive sub-complexes, which undergo changes upon binding to 
unattached kinetochores (reviewed in [8, 44]). Altered binding of SAC components with 
each other triggers formation of the mitotic checkpoint complex, which in turn results in 
association of Mad2p with APC/C component Slp1p, thereby preventing it from 
promoting securin degradation [50]. In addition to the core SAC, other proteins, such as 
the chromosome passenger protein Ark1p [51], SIN component/regulator Cdc16p/Dma1p 
[52, 53], SPB and MT associated  proteins Alp4p, Alp6p [54] and Alp14p [55] 
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respectively, and numerous kinetochore proteins (reviewed in [44] have been shown to 
contribute to efficient signalling by SAC.  
Coordination of mitosis with physical separation is essential for the survival of the 
cell. The cytokinesis checkpoint monitors the timing as well as integrity of cytokinesis. It 
becomes indispensable in conditions that cause minor perturbations to the cytokinetic 
machinery. Such damages to the cell division apparatus result in cooperation of 
components of the control device, the SIN and the conserved phosphatase Clp1p/Flp1p 
[56]. Consequently, two distinct cellular responses are generated. Firstly, the reassembly 
of actomyosin ring/division septum is facilitated, and secondly, an interphase arrest is 
imposed on cells. These responses lead to increased probability of successful cell division 
before entry into the next mitosis. 
1.4.3. The role of Plo1p kinase and Mid1p/Dmf1p in the events of cell division 
 
Assembly of the actomyosin ring is a fundamental requirement for cytokinesis in 
S. pombe. In wild type fission yeast cells the ring forms at the site determined by the 
position of the interphase nucleus [25]. Interestingly, in a few mutants the location of 
actomyosin ring appears to be uncoupled from the nuclear site. Cells compromised for 
the function of Mid1p/Dmf1p (hereafter referred to as Mid1p) [24, 25], show 
misplacement of actomyosin ring from the medial region marked by the position of the 
interphase nucleus [24, 25, 57]. In interphase Mid1p localises predominantly to the 
nucleus [24], but a small fraction of the protein pool can also be observed at the adjacent 
cortical site [26, 57]. Phosphorylation of nuclear Mid1p early in mitosis likely leads to its 
export to the medial cortical region [57] where it merges with the cortical Mid1p already 
present there. The broad Mid1p band is considered to be the first marker of the 
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actomyosin ring to emerge [24, 26, 58]. As the cell cycle progresses, the broad cortical 
band compacts into a tight ring [26, 57] which incorporates into the actomyosin ring [24, 
57].  
Both nuclear exit of Mid1p and its assembly into a tight ring from a more diffuse 
band seems to require the action of the fission yeast homologue of polo like kinases 
(PLKs), Plo1p. Phosphorylation and therefore activation of Mid1p by Plo1p has been 
proposed to be an important component of the mechanism regulating the relocation of 
Mid1p from the nucleus, since in the absence of Plo1p, Mid1p is predominantly nuclear 
[57]. The temperature sensitive plo1-1, -24C, -25  mutant cells are incapable of 
compaction of the Mid1p ring and thus affect its incorporation into the actomyosin ring at 
non-permissive conditions [26, 57]. Furthermore, plo1 mutant cells display phenotypes 
similar to that of the mid1 mutants including defects in coordination of the position of the 
actomyosin ring with respect to the nucleus [24, 25]. The two gene products have been 
reported to physically interact in two-hybrid assays [57].  
Extensive work in several organisms such as Xenopus laevis, Drosophila 
melanogaster, Caenorhabditis elegans as well as mammals and yeasts established that 
PLKs play multiple, conserved roles during mitosis and cytokinesis (reviewed in [59, 
60]). In addition to determining the plane of the division in S. pombe, Plo1p is also 
involved in the regulation of mitotic entry. This function is likely carried out by further 
activating the Cdc25p phosphatase that in turn enhances the auto-amplification loop of a 
conserved protein kinase complex Cdk1-cyclin B [61]. Recent findings indicate that 
Plo1p may provide the link between the stress response pathway and control of entry into 
mitosis in response to nutrient status [62]. The mitotic roles of Plo1p are essential for the 
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viability of the cells and include the formation of a bipolar spindle and proper segregation 
of chromosomes. Interestingly, both loss- and gain of Plo1p function leads to mitotic 
arrest and accumulation of cells with condensed chromosomes as well as monopolar 
mitotic spindles [63].  
May and colleagues have presented evidence of physical interaction of Plo1p with 
the anaphase promoting complex component Cut23p [64], suggesting possible roles for 
Plo1p in metaphase to anaphase transition. Numerous results point towards the 
significance of Plo1p in the regulation of cell division in S. pombe. As described earlier, 
mutations in plo1 result in cells with both aberrantly positioned and organised 
actomyosin rings and septa [57]. The potential to assemble and synthesise these 
misplaced structures originates from the residual activity of mutants [57], since analysis 
of null mutants revealed overall absence of the medial ring and lack of deposition of 
septum material in cells [63]. The requirement of Plo1p for the initiation of septum 
formation was also determined by its capability to induce ectopic septation in G1 and G2 
arrested cells [63].  
Regulation of such a wide variety of events could be facilitated by dynamics in 
the localisation and/or differential binding of Plo1p to other proteins. Plo1p is recruited to 
SPBs, spindle, actomyosin ring and nucleus upon mitotic commitment [57]. Nevertheless, 
localisation to these sub-cellular structures was observed only in mitotic cells, even 
though the protein levels remained unchanged throughout the cell cycle [57, 65]. All 
PLKs have a conserved non-catalytic region termed ‘polo-box domain’ (PBD) implicated 
in sub-cellular localisation and phosphopeptide binding (reviewed in [60]). In fission 
yeast the PBD functions as a necessary and sufficient determinant of cell cycle regulated 
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localisation of Plo1p to the SPBs, and is essential for proper mitosis and septation in vivo 
[66]. It is also proposed to be required for the interaction of Plo1p with other proteins 
[66].   
1.4.4. Role of SIN pathway in cell division 
 
Coordination of mitotic events with cytokinesis is essential for the survival of the 
cells. In S. pombe several mechanisms contribute to the synchronisation of these 
processes. Of particular importance during the final stage of cytokinesis is the SIN, an 
essential signal transduction pathway. It is required for the maintenance of the 
actomyosin ring for the duration of ring constriction, as well as for efficient septation [67, 
68].  
Cells depleted of SIN proteins display two distinct phenotypes. Mutants of the 
first group (spg1/sid3, cdc11, cdc7, sid1, cdc14, sid2, mob1) are able to assemble 
actomyosin rings, but fail to maintain or constrict these rings, resulting in accumulation 
of elongated cells with multiple nuclei [63, 67-72]. The second group consists of mutants 
in which the SIN is constitutively active. These mutants undergo multiple rounds of 
septation without intervening nuclear division (cdc16, byr4) [52, 73].  
Signalling by the SIN is transmitted via a conserved GTPase regulated protein 
kinase cascade (Figure 2). The small Ras family GTPase Spg1p [72, 74] constitutes the 
switch between the active and inactive states of the pathway. Regulation of the nucleotide 
status of Spg1 is carried out by a two component GTPase-activating protein (GAP) 
consisting of Cdc16p and Byr4p [75]. In its active form, when bound to GTP, Spg1p is 
able to recruit the protein kinase Cdc7p [74], the presence of which in turn allows for the 
binding of the Sid1p-Cdc14p kinase complex [76]. The most downstream component of
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this cascade identified to date is the Sid2p kinase and its associated subunit, Mob1p [68, 
70, 71, 77]. The Sid2p-Mob1p complex is suggested to convey the signal for actomyosin 
ring constriction to the division site. Analyses of localisation dependencies and Sid2p 
kinase activity assays suggest linearity for this pathway.  
 All SIN proteins have been shown to localise to the SPBs during mitosis. In 
addition, some localise to this structure in interphase cells as well (reviewed in [78]). 
Two core components- Sid4p and Cdc11p -are constitutively present at SPBs (by binding 
to SPB component Ppc89p [79]) and provide  a scaffold through which all other SIN 
proteins associate with this structure [80-83]. Upon entry into mitosis Cdc16p disappears 
from the SPBs [84], causing activation of Spg1p signalling and recruitment of the Cdc7p 
kinase [74]. During progression into anaphase B, the Cdc16p-Byr4p complex re-localises 
[74] to the old/mother SPB [85]. Re-appearance of the GAP results in a change in the 
nucleotide status of Spg1p at this pole. Consequently, the SIN remains active only at the 
daughter/new SPB [74, 84]. Inactivation of MPF allows binding of the Sid1p-Cdc14p 
kinase complex at the site marked by Spg1p-GTP [76]. (The significance of the 
asymmetry between the SPBs in respect of SIN signalling has not been characterised in 
detail.) Currently the transmission of the signal from the SPB to the site of division is 
thought to be achieved by the action of a Sid2p-Mob1p kinase complex. Although Sid2p 
is constitutively present at the SPBs, its partner Mob1 appears at both poles early in 
mitosis and cannot be detected after the septation has been completed. Importantly, both 
proteins relocate to the actomyosin ring in late anaphase B [70]. It has been shown 
recently that relocation of Sid2p-Mob1p requires a novel regulator of SIN, termed Etd1p 
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[86]. Etd1p localises to the cell tips during interphase, but in mitotic cells it relocates to- 
and associates with the ring by a mechanism dependent on SIN [86].  
1.4.5. Regulation of SIN by Plo1p kinase 
 
In addition to Etd1p, several other regulators of the SIN have been identified 
(Dma1p, Plo1p, Zfs1p, Scw1p, Par1p, Par2p, Fin1p) [53, 63, 87-92]. One of them is the 
already described Plo1p kinase that promotes SIN activity. Tanaka and colleagues have 
shown that ectopically activated SIN resulted in septation in plo1 mutants, indicating that 
regulation of septation by Plo1p is likely to be carried out by acting upstream of SIN 
signalling [93].  While Plo1p activity has been shown to be necessary for Cdc11p 
phosphorylation in anaphase [94], other targets have not been identified. Plo1p is known 
to associate with the SPB through two mechanisms: firstly, by binding to the scaffold 
Sid4p via the C terminal polo box domain [82], and secondly by physically associating 
with the SPB component Cut12p [61]. Interestingly, neither Sid4p nor Cut12p is essential 
for the SPB localisation of Plo1p indicating the existence of other factors involved in 
binding. Moreover, the localisation of Plo1p to the SPB is modulated by Dma1p and 
Fin1p [92, 95].  
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1.5. Protein kinases 
 
Protein kinases are fundamental regulators of several essential processes in cells. 
They coordinate aspects of metabolism, gene expression, growth, motility, differentiation 
and cell division. The importance of this class of enzymes is reflected also in their 
abundance as an estimated 2% of all proteins contain a protein kinase domain [96].  
The reaction catalysed by these enzymes consists of a) binding and orientation of 
the phosphate donor, b) binding and orientation of the substrate and c) the transfer of the 
γ-phosphate of ATP/GTP to the alcoholic/phenolic group of serine/threonine/tyrosine 
resulting in a covalent modification. The enzyme kinetics is unidirectional due to a large 
amount of released free energy. All protein kinases contain two lobes: i) the N-lobe with 
a conserved β-sheet and α-C-helix required for anchoring the nucleotide, and ii) the large, 
predominantly α-helical C-lobe, where the activation segment − important for modulating 
enzyme activity and specificity − together with substrate binding sites are located. The 
region spanning the cleft between the two lobes forms the site of catalysis. Kinase 
domains are further divided into 12 sub-domains [97] characterised by segments not 
interrupted by large amino-acid insertions.  
1.5.1. Protein kinases in S. pombe 
 
The fission yeast genome encodes for 106 protein kinase catalytic domain 
containing proteins (Appendix 1) [98]. Since protein kinases share a common architecture 
of the catalytic region, which spans 250-300 amino acid residues [99], an evolutionary 
tree can be generated by multiple alignment of sequences. Protein kinases with similar 
catalytic domains more likely have similar enzymatic and regulatory properties and
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 predominantly occupy positions located in close vicinity to each other [100]. The 
unrooted phylogenetic tree of S. pombe protein kinases [98] is shown in Figure 3. The 
alignment of kinases resulted in the formation of three major groups: AGC, CaMK, 
CMGC and six families: Polo, Casein, Wee/Mik, Mekk/Ste11, Mek/Ste7, Pak/Ste20. 
None of the open reading frames (ORF) bearing the eukaryotic protein kinase catalytic 
domain signature classified as a member of the conventional tyrosine kinase group (PTK). 
Proteins of the PTK group differ from Ser/Thr kinases (S/TK) on the basis of the 
hydroxyl-amino acids phosphorylated in their protein substrates. Compared to the more 
divergent S/TK group they share a higher degree of conservation [100]. With few 
exceptions, nearly all of the PTKs described so far originate from metazoan species, 
where they are reported to be involved in hormone based signal transduction and cell-cell 
interactions [101]. These data suggest that PTK evolved upon emergence of multicellular 
organisms during evolution. Although the fission yeast genome lacks PTKs, 31 dual 
specificity protein kinases which could phosphorylate both Tyr and Ser/Thr residues have 
been identified (Figure3-underlined ORF names).  
1.5.2. The PI3K-PDK1 pathway 
 
In metazoans the phosphoinositide-3 kinases (PI3Ks) comprise a family of 
specific inositol kinases that play key roles in a number of important intracellular 
signalling pathways including survival, cell cycle control, protein translation and glucose 
metabolism in response to extracellular stimuli including growth factors, insulin and 
heterotrimeric G-protein-coupled agonists (reviewed in [102, 103]). These enzymes 
generate lipid phosphoinositides (PtdIns) by phosphorylating the head group of inositol at 
three potential sites, which in turn a) act as second messengers by recruiting numerous 
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proteins with lipid binding properties that are involved in the above mentioned biological 
processes, and b) alter local membrane topology by electrostatic interactions. The large 
family of PI3 kinases is grouped into three functional classes based on the kinase domain 
structure, lipid substrate specificity and associated regulatory subunits (reviewed in 
[104]), Appendix 2. 
Many of the diverse biological processes triggered by the activation of PI3K and 
generation of PtdIns are communicated via kinase signalling pathways. The downstream 
effectors of PI3Ks are enzymes that belong to the AGC superfamily of Ser/Thr protein 
kinases. Members of this family are structurally related and all require an activating 
phosphorylation on a residue located in a particular highly conserved segment in the 
kinase domain (Thr*-Phe-Cys-Gly-Thr-X-Glu-Tyr motif) termed the T-loop [97]. The 
extensive search for a master protein kinase that could phosphorylate this residue eleven 
years ago resulted in the discovery of PDK1, a novel component of the PI3K pathway 
[105, 106].  
PDK1 was first identified by its ability to phosphorylate PKBα in vitro in the 
presence of PtdIns(3,4,5)P3 and PtdIns(3,4)P2 in the reaction mixture. This resulted in it 
being named: 3’-phosphoinositide dependent kinase 1. Similarly to its substrates, it also 
classifies as an AGC family kinase and plays a pivotal role in several signal transduction 
pathways regulating a broad range of physiological processes such as growth, survival, 
proliferation, and metabolism. It exerts its function by activating at least 24 protein 
kinases that belong to the AGC family including cyclic AMP- and cyclic GMP- 
dependent protein kinases, PKB/Akt, several PKCs and PKC-related kinase isoforms, 
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p70 S6 kinase, p90 RSK, serum and glucocorticoid-inducible kinase isoforms  (reviewed 
in [107]). 
The mammalian PDK1 is a monomeric 63 kDa enzyme, that contains an amino-
terminal catalytic domain as well as a pleckstrin homology (PH) domain located at the C-
terminus [105, 108]. PH domains are lipid binding modules that can influence the 
localisation, conformation and activation state of proteins as well as their interaction with 
other molecules. Notably the PH domain sequence of PDK1 is divergent from other PH 
domains given that several computer algorithms fail to identify it, possibly due to its 
unusual structure [109]. Lipid binding experiments however revealed that the PH domain 
of PDK1 binds with high affinity to the second messengers phosphatidylinositol-3,4,5-
triphosphate, PtdIns(3,4,5)P3 [110, 111], PtdIns(3,4)P2 [108, 111] and interacts with 
lower affinity with PtdIns(4,5)P2 [111]. Furthermore, the structure of the PDK1 PH 
domain in complex with Ins(1,3,4,5)P4 was solved recently [109, 112]. Interaction with 
lipids enables the localisation of PDK1 to the plasma membrane and thereby regulation 
of another lipid binding AGC kinase, PKB/Akt [105, 106], while the cytoplasmic pool of 
PDK1 plays an important role in the activation of several non-lipid associating substrates 
such as S6K, SGK and RSK [107]. PDK1 has also been shown to shuttle between the 
nucleus and cytoplasm in a PI3K signalling dependent manner, although it remains 
extranuclear to a large extent [113, 114]. The precise nuclear function of PDK1 is 
unknown, but given the observation that it can phosphorylate the predominantly nuclear 
p70 S6 kinase βI [113], and also based on the fact that many elements of the 
phosphoinositide cycle- including PI3K, PKB, and 3’-phosphorylated inositides have 
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been found in the nucleus (reviewed in Neri, [115]), changes in the sub-cellular 
localisation of PDK1 could constitute a novel regulatory mechanism in eukaryotic cells. 
Phosphoinositide dependent protein kinases have been identified in a variety of 
eukaryotes. The mouse genome, in contrast to human and fruitfly, encodes for two 
isoforms of PDK1 [116]. C. elegans has also two splice variants, PDK1a and b [117]. In 
these species, PDK1 has been demonstrated to be required for growth control, cell 
survival as well as insulin signalling predominantly in a mechanism involving PKB/Akt 
(reviewed in [107]). In the plant kingdom, PDK1 was cloned from species such as Oryza 
sativa and Arabidopsis thaliana [118]. The Arabidopsis homologue has been shown to 
phosphorylate S6K [119], mediate phosphatidic acid driven phospholipid signalling that 
controls polar auxin transport [120] and regulate root hair growth [121].  
The budding yeast genome encodes two genes related to mammalian PDK1, both 
lacking a PH domain, named pkh1 and pkh2 [122]. Although neither is essential, 
combined deletion leads to loss of viability of cells [122]. The purified Pkh1p and Pkh2p 
phosphorylate and activate an essential pair of functional analogues of mammalian AGC 
kinase SGK-Ypk1p and Ypk2p/Ykr2p [122, 123]. Moreover, both Pkh proteins are 
capable of phosphorylating Pkc1p in vitro at Thr983 [124, 125], the activation loop 
residue corresponding to those phosphorylated in the targets of mammalian PDK1. Pkc1p 
and Ypk1/2p are components of pathways that are implicated to act in parallel to regulate 
cell wall integrity signalling responsible for governing changes to the cell wall and 
responding to challenges to this structure in budding yeast. Therefore, Pkh1p and Pkh2p 
serve an important overlapping function in the maintenance of cell wall integrity. Friant 
as well as deHart and colleagues reported that the activity of both kinases is required for 
 22
the internalization step of receptor mediated endocytosis [124, 126]. In addition to these 
observations, mutants in pkh genes display abnormal actin polarisation [125]. Since 
proper actin assembly is essential for endocytosis, the possibility of indirect role of 
Pkh1/2p proteins in the process of endocytosis cannot be excluded.  
S. pombe has two proteins related to PDK1. Ksg1p was found in a screen aimed to 
identify novel temperature sensitive mutants involved in the inositol 
metabolism/transduction of inositol signal [127]. At nonpermissive temperature the 
mutant cells were compromised for growth, mating and sporulation [127]. Subsequently, 
Ksg1p has been shown to contribute to the full activation of the AGC family kinase 
Gad8p – an essential factor required for sexual development and growth under stress 
conditions – by phosphorylating it at the Thr387 residue in the activation loop [128]. 
Another validated substrate of Ksg1p is Pka1p, the catalytic subunit of cAMP dependent 
protein kinase [129]. Genetic analyses performed by Graub and colleagues suggest an 
additional role for Ksg1p in the regulation of the cell wall integrity in S. pombe [130]. 
The second protein displaying similarity to PDK1 is a novel protein kinase, Pdk1p. Its 
characterisation is the subject of this study.  
The activation of metazoan PDK1 in part is achieved by either phosphoinositides 
[105, 106] or sphingolipids [131]. Interestingly, Pkh1p and Pkh2p lack a PH domain, are 
not regulated by phosphoinositides, but are stimulated in vitro by nanomolar 
concentrations of phytosphingosine, the major sphingoid base in S. cerevisiae [124].  
1.5.3. Does the PtdIns-Pdk1 pathway exist in yeast species? 
 
As indicated in Appendix 2, both yeasts lack genes encoding the class I PI3K 
[103, 104] responsible for generation of the specific lipid second messengers 
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PtdIns(3,4)P2 and PtdIns(3,4,5)P3 that interact with PtdIns binding PH domain proteins 
[102]. To date only one homologue of PI3K exists in yeasts. Unlike the class I and II PI3 
kinases, Vps34p is able to phosphorylate exclusively PtdIns (Figure 4) and is implicated 
in endosome fusion during intracellular membrane trafficking [132-134]. In contrast to 
mammalian cells, where PtdIns(3,4,5)P3 accumulates rapidly upon agonist stimulation, 
neither fission- nor budding yeast cells have been reported to have this phosphoinositide. 
Interestingly in an alternative route the mammalian type I phosphatidylinositol phosphate 
kinase (PIPkin) can convert PtdIns(3)P into PtdIns(3,4,5)P3 in an in vitro reaction [135, 
136]. Similarly to these results, Its3p, the S. pombe PIP kinase [137] is capable of 
generation of PtdIns(3,4,5)P3 (Figure 4). This observation was published by Mitra and 
colleagues [138], who came to another surprising discovery when they created a fission 
yeast strain deleted for ptn1, the S. pombe homologue of phosphatase and tensin 
homologue deleted on chromosome 10 (PTEN). In higher eukaryotes PTEN has been 
shown to counteract the PtdIns(3,4,5)P3 signalling by removing the phosphate group from 
the D3 position of the inositol ring [139-142]. Interestingly, fission yeast cells lacking 
Ptn1p accumulated high levels of the earlier undetected PtdIns(3,4,5)P3. PtdIns(3,4)P2 is 
present also in budding yeast cells, indicating, the possibility of PtdIns(3,4,5)P3 synthesis 
[143, 144]. Finally, the identification of some effector molecules- analogues of PDK1 - 
provides further support for the existence of the PtdIns(3,4,5)P3 signalling in these 
unicellular eukaryotes.  
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1.6. Thesis objectives 
  
Although several protein kinases have been identified and their functions analysed 
during the past few decades, broader studies that characterise the entire fission yeast 
kinome were not carried out. The prerequisite of the work presented here was the 
completion of the S. pombe genome-sequencing project by the Sanger Centre in 2002 
[10] that allowed us to identify proteins that contained protein kinase signatures. 
Specific objectives of this study were: 
I. To generate a collection of mutants individually deleted for genes encoding protein 
kinases. 
II. To perform large-scale analyses of deletion mutants.  
III. To identify kinases involved in mitosis/cytokinesis. 







MATERIALS AND METHODS 
 
2.1. S. pombe strains, media and reagents 
 
The S. pombe strains used in this study are listed in Table 4/Appendix 1 (Results 
I) and Table 1 (Results II).  The genotypes of parental strains used to generate deletion 
mutants are: MBY192: ura4-D18 leu1-32 h-; MBY1238: ade6-210 ura4-D18 leu1-32 h90; 
MBY1239: ade6-216 ura4-D18 leu1-32 h90 and MBY1270: ade6-210/ade6-216 ura4-
D18/ura4-D18 leu1-32/leu1-32 h90/h90.  Standard media such as solid or liquid YE, EMM 
and YPD media were utilized as previously described [145] with or without stress factors 
as indicated. 
 
2.2. Genetic manipulations of S. pombe cells 
 
2.2.1. Yeast transformation 
 
All yeast transformations were carried out using the lithium acetate method [146]. 
2.2.2. Construction of deletion mutants 
 
A PCR-mediated homologous recombination based deletion approach [147] was 
used to construct targeted open reading frame (ORF) deletion mutants (Figure 5). In brief, 
each synthesized primer (Integrated DNA Technologies, Coralville, USA) contained 80 
nucleotides complementary to a particular ORF’s flanking regions followed by a barcode 
and finally 18 nucleotides homologous to a uracil selection marker cassette.  About 10 µg 
of PCR fragment was transformed into haploid or diploid cells.  Subsequently ura4+ 
positive colonies were selected on EMM plates lacking uracil. To test deletion and
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 replacement of the target gene by the ura4+ gene, colony PCR was applied using allele-
specific primer pairs (Figure 5 and Appendix 3). Each generated deletion mutant has two 
unique sequences flanked by common sequences upstream and downstream of the 
replaced ORF. These molecular barcodes provide a valuable tool for future studies by 
allowing the analysis of large number of biological samples in parallel. 
2.2.3. Generation of GFP tagged strains 
 
Strains expressing SPCC70.05c-GFP, SPBC17F3.02-GFP and SPBC32H8.10-
GFP (MBY1710, 1708 and 1711,  respectively) were generated by amplifying the gfp+ 
(template: pCDL778) flanked by 80 nucleotide homologous arms using primer pairs 
MOH1249-KORev-SPBC17F3.02 / MOH1253- KO Rev-SPBC17F3.02 / MOH1250-KORev-SPBC32H8.10 
(see also Appendix 3-downstream primer sequences),  and by transforming the purified 
fragments into the MBY192 strain as described in 2.2.2.  
A strain expressing Pdk1p-GFP was generated by first amplifying 1000 bp from 
the 3’ end of the pdk1 ORF using primers: MOH2581 and MOH1301. The PCR fragment 
was then cloned into the integrating vector pJK210-GFP (pCDL721) using XhoI-BamHI. 
Finally the obtained plasmid (pCDL711) was linearised using ClaI and transformed into 
the MBY192 strain. 
 
2.3. Free spore germination analysis 
 
Spores were obtained by spotting 10 µL of exponentially growing cultures onto 
YPD plates and incubating at 24°C for three days. Spores scraped from plates were 
resuspended in 1 mL sterile distilled water containing 10 µL NEE-154 glusulase (NENTM, 
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Boston, USA) and incubated on a nutator at 24°C O/N. Next, spores were washed with 
30% ethanol in order to destroy any surviving vegetative cells followed by three washing 
steps with sterile distilled water. Finally spores were resuspended in liquid selective 
EMM media and grown at 24°C for 16-24 hours. 
 
2.4. Analysis of deletion phenotypes  
2.4.1. Growth assay for hypersensitivity to stress factors 
 
About 5 µl of log-phase cultures in a series of 10-fold dilutions were inoculated 
on solid YES media containing various stress factors using a multi-blot replicator (V & P 
Scientific Inc., San Diego, CA). The list of stress factors and concentrations used in this 
study is presented in Appendix 4. Growth of each mutant strain at various dilutions 
(factors of 0, 1, 2, 3 …, etc.) was monitored after three days incubation at 28-30°C unless 
otherwise mentioned.  Mutant phenotypes based on the ability to grow at the highest 
dilution compared to wild-type cells was used to characterise cultures as not sensitive, 
sensitive, or hypersensitive. Mutants exhibiting comparable growth to that of wild-type 
cells at the same dilution were designated as not sensitive or “+”; mutants exhibiting 
growth similar to that of wild-type cells at approximately one dilution factor lower than 
that of wild-type were designated as sensitive or “-”; and mutants displaying growth 
comparable to that of wild-type cells at 2 (or greater) dilution factors lower than that of 
wild-type cells were designated as hypersensitive or “--” (or “---”). Except for 
temperature or minimal medium parameters, each stress factor was tested 2-8 times at a 
range of concentrations that killed not more than 6% of the strains being tested or left not 
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more than 6% of the mutant strains unaffected.  The average of sensitivities obtained 
from 2-8 measurements was calculated and used as a phenotypic characteristic. 
2.4.2. Detection of meiotic defects  
 
Aliquots from a set of serially diluted haploid homothallic (h90) cultures were 
spotted onto YPD plates and incubated at 24°C for 3-4 days in order to induce 
sporulation. Plates were then exposed for 1 min to iodine (Aldrich Inc., Milwaukee, 
USA) vapour and the staining scored.  As a negative control a haploid heterothallic (h-) 
strain was used. 
 
2.5. Sequence analysis of Pdk1p 
 
Protein sequences were compared and aligned by ClustalW software 
(www.ebi.ac.uk/clustalw/#) [148]. An unrooted evolutionary distance tree was generated 
with the neighbour joining methods (pairwise deletion of gaps, interior branch test) using 
Mega 2.1 software (www.megasoftware.net) [149]. 
 
2.6. Synchronisation by utilising the cdc25-22 strain 
 
Strains were synchronised by utilising a temperature sensitive cdc25-22 mutant. 
The synchrony at late G2 was achieved by incubating the cultures at the restrictive 
temperature of 36°C for 4 hours. Cells were released into mitosis by quick temperature 
shift to 24°C achieved by constant shaking of the flasks in ice-cold water. 
 
2.7. Overexpression of the protein of interest in S. pombe cells 
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In order to achieve elevated expression of a protein, the thiamine repressible nmt1 
(no message in thiamine) promoter [150] and its attenuated versions [151] were utilized. 
S. pombe expression vectors containing the highest strength (nmt1), medium strength 
(nmt41) and weakest strength (nmt81) promoters are termed pRep1, pRep41 and pRep81, 
respectively. Removal of thiamine from the growth medium results in full activation of 
the promoters. Different genes expressed under the control of these promoters result in 
different levels of protein expression. For the conditions of overexpression (i.e. 
temperatures, growth media and timing) see Figure legends and Results II section. 
2.8. Microscopy 
 
2.8.1. Nuclei, F-actin and septum/cell wall staining 
 
S. pombe cultures were fixed with 3.7% formaldehyde at growth temperature for 
10 min and washed thrice with 1x PBS buffer. Cells were mixed on slides with 1 µL 1x 
DAPI (4’6,-diamindino-2-phenylindole) supplemented with 100-500 mg/L aniline blue 
(nuclei-septum/cell wall staining). For F-actin staining, cells were permeabilised by 
1xPBS-1%TritonX-100 for 30 sec. After washing three times with 1x PBS, cells were 
mixed on slides with 1 µL 1x DAPI supplemented with 5-10% Alexa-488 conjugated 
phalloidin  (Molecular Probes, USA, A-12379). 
2.8.2. Indirect immunofluorescence 
 
Indirect immunofluorescence staining was performed as previously described 
[152]. Mouse α−TAT-1 [153](1:200), rabbit α−Cdc4p [154] (1:200), rabbit α−Sad1p 
[155](1:50) and rabbit or mouse α-GFP (Molecular Probes, USA, A-6455, A-11120) 
(1:800) antibodies were used at indicated dilutions. Primary antibodies were detected 
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with goat α-mouse or goat α-rabbit IgG conjugated with either Alexa-488 or Alexa-594 
(Molecular Probes A-11001, A-11020, A-11008, A-11012, Eugene, OR) (1:400). 
2.8.3. Image acquisition 
 
Images were captured using a Leica DMLB microscope in conjunction with either 
an Optronics DEI 750-T cooled CCD camera and Leica QWIN software or Photometrics 
Coolsnap ES CCD camera and Metavue software (Universal Imaging Corporation). In 
some experiments live cells were visualized using a Zeiss Laser Scanning (LSM) axiovert 
inverted confocal microscope with Zeiss Plan Achromat 100X/1.4 oil DIC objective, a 
458, 488, 514 nm helium/argon laser at 25% power and META system. Z series of 
images (for quantification of astral microtubules in Figure 11) were acquired using a 
Leica-DMIRE2 microscope equipped with Uniblitz shutter, CoolSnap HQ CCD camera 
(Photometrics) and Metamorph 4.6r9 software (Universal Imaging Corporation). Images 
were processed using ImageJ and Adobe Photoshop 7. 
 
2.9. Protein methods 
 
2.9.1. Total protein extracts from yeast cells 
 
50 mL of cultures at OD595=0.2-0.5 were harvested by centrifugation at 3000 rpm, 
transferred to chilled 2.0 mL eppendorf tubes and washed once with ice-cold NP40 buffer 
(6 mM Na2HPO4;  4 mM NaH2PO4; 150 mM NaCl; 2 mM EDTA; 1% Nonidet P-40) 
supplemented with protease inhibitors: 100 µM Benzamidine, 200 µM PMSF. Pellets 
were lysed by addition of 1 mL chilled acid washed 425-600µm glass beads (Sigma, 
G8772) and homogenised using a Mini bead beater (Biospec Products) at 4°C, for 3x 30 
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sec with 2 min cooling intervals. Lysed cells were then incubated with 800 µL 1x SDS 
loading buffer (50 mM TRIS-HCl, pH: 6.8; 10% glycerol; 2% SDS; 0.1% bromphenol 
blue; 100 mM β-mercaptoethanol) at 100°C for 5 min. Aliquots were stored at -20°C.    
2.9.2. Co-immunoprecipitation 
 
Co-immunoprecipitation experiments were performed as described in 2.9.1. 
except that after homogenization, cells were extracted twice with 400 µL of NP40 buffer 
supplemented with protease inhibitors. Lysates were cleared of cell debris by 
centrifugation at 4°C at 14000 rpm for 4 min. Supernatants were incubated first with 
guinea pig α-GFP antibody (lab stock)  at 1:100 dilution, and then with 100 µL of 
sepharoseA coupled CL-4B agarose beads (Amersham, 17-0780-01) slurry. Both 
incubations were carried out at 4°C for 1 hour. After 6-8 washing steps with NP40 buffer, 
samples were denatured in the presence of 30 µL of SDS loading buffer and aliquots   
were analysed on SDS-PAGE gels. 
2.9.3. Determination of protein concentration using the amidoblack method 
 
10-20 µL of protein samples were adjusted with distilled water to a final volume 
of 200 µL. To this mixture 800 µL of stain stock solution (10% acetic acid, 90% 
methanol, 100 µg/L amidoblack (naphthalene black 12B, Electran BDH, 442912X) was 
added. After vortexing, samples were spun at 14,000 rpm for 15 min, supernatants 
discarded, and 1 mL washing solution (10% acetic acid, 90% methanol) was added. After 
centrifugation at 14,000 rpm for 15 min, pellets were resuspended in 1 mL of 0.2 M 
NaOH and absorbances at 615 nm wavelength were determined. Concentrations were 
calculated using a calibration curve [156]. 
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2.9.4. Western blot analysis and ECL detection 
Proteins were resolved on SDS-PAGE (8-10%T; 3.3%Cbis) gels and transferred to 
Immobilon-FL PVDF membranes (Millipore, ISEQ00010) in transfer buffer (48 mM 
Trizma base; 39 mM glycine; 0.038% SDS, 20% methanol). Membranes were blocked in 
PBS+0.1% Tween20 (PBS-T) containing non-fat milk at RT for 1 hour, followed by 
incubation with antibodies at indicated dilutions: α-HA (12CA5) (Roche, 11 666 606 00) 
(1:2000), α-cMyc (9e10) (Sigma, M5546) (1:2000), α-TAT-1 (1:2000) at 4°C O/N. 
Washing was carried out using PBS-T buffer 5-6 times for a period of 0.5 hour. 
Incubation of membranes with horseradish peroxidise-conjugated goat α-mouse or goat 
α-rabbit secondary antibodies (Jackson Immuno Research Laboratories, West Grove, 
USA, 715-035-151, 711-035-152, respectively) at 20,000x dilution was performed at RT 
for 45 min. Immunoreactive bands were detected using the enhanced chemiluminscence 
method, briefly, by incubating the membranes in detection buffer (200 µM coumaric 
acid; 1.25 mM luminol; 0.009% H2O2; 0.1 mM Tris-HCl, pH:8.0) for 1 min followed by  
exposure to BioMax Light film (Kodak).  
2.9.5. Expression and purification of GST tagged proteins 
 
The full length pdk1 cDNA was cloned into pGEX4T-1 GST expression vector 
(Amersham, 27-4580-01) (pCDL999). Transformation into E.coli BL21 chemical 
competent cells gave rise to strains pCDL1043 and pCDL1024 (pGEX4T-1). Single 
colonies were inoculated in liquid LB medium and incubated at 37°C O/N. Stationary 
phase cultures were then subcultured to OD600=0.06 and grown at 33°C. Once the OD600 
reached 0.5-0.6, 0.2 mM IPTG was added and cultures were further incubated at the same 
temperature for 4 hours. 500 mL of cultures were then pelleted at 4000 rpm at 4°C for 10 
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min, washed with ice-cold PBS, resuspended in 10 mL GST purification buffer (50 mM 
TRIS-HCL, pH:8.0; 0.1% TritonX-100; 0.5 mM MgCl2 in PBS)  supplemented with 1.0 
mg/mL lysozyme, and incubated on ice for 15 min. Sonication of samples kept constantly 
on ice was performed in the presence of 5 mM DTT, 1.0 mM PMSF and 1 mM 
Benzamidine using the ultrasonic processor supplied with 3mm tip (Sonics)  (6-8 rounds 
of pulsing, amplitude: 80, for 30 sec with 1 min cooling intervals). Supernatants were 
obtained after spinning the lysates at 10,000 rpm at 4°C for 30 min and then incubated 
with 0.5 mL previously washed gluthatione sepharose 4B beads (Amersham, 27-4574-01) 
at 4°C O/N. Beads with bound proteins were washed thrice using ice-cold PBS. Elution 
was performed by incubating the beads in 1 mL EB buffer (50 mM TRIS-HCl, pH: 8.0; 
20 mM GSH). 
2.9.6. Protein-lipid overlay assay 
 
Membranes with spotted phosphoinositides (Echelon, P-6001) were blocked in 2 
mL of 3% fatty acid free BSA (Sigma, A6003) dissolved in TBS-T (10 mM TRIS-HCl, 
pH: 8.0; 160 mM NaCl; 0.1% Tween20) buffer at RT for 1 hour. Proteins (Pdk1p-GST or 
GST alone) were added at 0.5 µg/mL concentration and membranes were kept at 4°C on 
a nutator O/N. After extensive washing with TBS-T buffer (6-8 times for 45 min), anti-
GST antibodies (lab stock) (1:1000) in TBS-T+3% fatty acid free BSA were added to the 
membranes for another overnight incubation. Incubation with secondary antibodies and 
detection was performed as described in 2.9.4 section.  
2.10. Yeast two-hybrid test 
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Yeast two-hybrid tests were performed using Matchmaker Gal4 Two-Hybrid 
System 2 (BD Biosciences-Clontech) according to the manufacturer’s recommendations. 
Full length cDNA of pdk1, mid1 and plo1 genes were cloned into DNA-binding domain 
(DNA-BD) (pCDL970), as well as activation domain (AD) (pCDL971) vectors. The α-
galactosidase assay was carried out on Minimal Synthetic Dropout Medium plates 
(prepared as described in www.clontech.com) containing 20 µg X-α-Gal.  
 
2.11. Escherichia  coli 
 
2.11.1. Bacterial plasmids 
 
Plasmids used in this study are listed in Table 2.  
2.11.2. General E. coli methods 
 
Standard cloning techniques were performed as described by Sambrook and 
colleagues [157]. XL1-Blue electrocompetent cells were used for the transformations by 
electroporation method using 0.2 mm electroporation cuvettes and Biorad Micro-Pulser 
(165-2100), according to manufacturer’s instructions. Restriction endonucleases were 
purchased from New England Biolabs and Roche, while the T4 ligase was obtained from 
Invitrogen (15224-025). Purification of PCR products was carried out using Stratagene 
PCR purification kit (400773), while isolation of plasmid DNA from bacteria was done 
using Qiagen kit (27906). Propagation of E. coli strains was performed in solid or liquid 
Luria Bertani (LB) medium supplemented with 200 µg/mL carbenicillin if required. 
Clones were validated by sequencing using BigDye Terminator v03 kit (Applied 
Biosystems, CA, USA). 
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2.11.3. In vitro site directed mutagenesis for generation of sid2 phosphomimetic mutants 
 
20-50 ng of plasmids (pCDL1056, pCDL1057) were used as templates in a PCR 
reaction in order to generate single and double site mutations in sid2+. Conditions of the 
PCR reactions were as follows: 94°C-30sec;  20 times: 94°C-30sec, 49°C-1 min, 72°C-6 
min. The oligonucleotide primer pairs MOH2337-2338: S444E; MOH2339-2340: T541E 
at a final concentration of 0.5 µM were extended during temperature cycling by Vent 
Polymerase (New England Biolabs, MA, USA). The obtained products were treated with 
DpnI (5U/reaction, 37°C, 1 hour) –endonuclease specific for methylated and 
hemimethylated DNA, thus the parental DNA templates were digested. The nicked 
vectors containing the desired mutations (all constructs used later in over-expression 





2.12. List of primers used in this study 
 
 Primers used in this study are listed in Appendix 3 (long primers for generation of 








Table 1. Yeast strains used in this study 
Strain  Relevant genotype Source 
MBY95 cdc14-118,  ade6-210, leu1-32, ura4-D18, h+ Lab. collection 
MBY152 sid1-239, ade6-21X, leu1-32, ura4-D18, h+ Lab. collection 
MBY166 cdc25-22, ade6-M210, his3-D1, ura4-D18, leu1-32, h- Lab. collection 
MBY176 cdc25-22, ura4-D18, h+ Lab. collection 
MBY192 ura4-D18, leu1-32, h- Lab. collection 
MBY277 cdc11-123, ade6-M210, 1eu1-32, ura4-D18, h- K. Gould 
MBY286 cdc16-116, ade6-M210, leu1-32, ura4-D18, h+ Lab. collection 
MBY322 sid4-A1, ade6-21X, ura4-D18, leu1-32, h+ Lab. collection 
MBY337 sid3-106, ade6-216, leu1-32, ura4-D18 h+ Lab. collection 
MBY383 mid1-GFP::ura4+, ade6-210, ura4-D18, leu1-32 h- D. McCollum 
MBY384 mid1::3HA- ura4+, ade6-210, leu1-32, ura4-D18, h- Lab. collection 
MBY503 sid2-250, ade6-M216, leu1-32, ura4-D18, h+ Lab. collection 
MBY513 spg1::HAH-ura4+, ade6-210, leu1-32,  ura4-D-18, h+ K.Gould 
MBY603-1 cdc7:: 3HA-ura4+, ade6-21X, leu1-32, h+ Lab. collection 
MBY604-1 sid1::GFP-ura4+, ade6-210, leu1-32, h+ Lab. collection 
MBY644 sid2::GFP- ura4+, ade6-21X, leu1-32, ura4-D18, h+ Lab. collection 
MBY645 sid2::13myc-kanR, ade6-21X, leu1-32, ura4-D18, h- Lab. collection 
MBY805 cdc15-140, ade6-210,  leu1-32, ura4-D18,  h+ Lab. collection 
MBY659 sid2::GFP-ura4+, cdc25-22 Lab. collection 
MBY977 clp1::ura4+, ade6-21X, ura4-D18,  leu1-32 h+ Lab. collection 
MBY1348 sid4::CFP::kanR, ade6-210, leu1-32, ura4-D18, h+ K.Gould 
MBY1463 plo1-1, leu1-32, ura4-D18, ade6-21X, h- D. McCollum 
MBY1464 plo1-24C, leu1-32, ura4-D18, ade6-210, h- D. McCollum 
MBY1465 plo1-25, leu1-32, h- D. McCollum 
MBY1589 cdc11::GFP, h+  K.Gould 
MBY1590 spg1::GFP, h+  K.Gould 
MBY2016 mid1::ura4+, ade6-210, leu1-32, h- D. McCollum 
MBY2415 cdc7::GFP-ura4+, ade6-21X, leu1-32, ura4-D18, his3-D1, h+ C. Albright 
MBY2495 13myc::sid1-ura4+, ade6-21X, leu1-32, ura4-D18,  h+ D. McCollum 
MBY2496 13myc::cdc14-leu1+, ade6-210, leu1-32, ura4-D18, h- D. McCollum 
MBY2982 plo1::3HA-ura4+, h+ Lab. collection 
   
MBY1521 pdk1::GFP-ura4+, sid2-250, ade?, leu1-32, ura4-D18, This study 
MBY1541 pdk1::GFP-ura4+, plo1-25, ade?, leu1-32, ura4-D18 This study 
MBY1510 pdk1::ura4+, ade6-21X, leu1-32, ura4-D18, h+ This study 
MBY1526 pdk1::ura4+, plo1::EGFP-kanR, ura4-D18 This study 
MBY1828 pdk1::ura4+, leu1-32, ura4-D18, h- This study 
MBY1512 pdk1:: ura4+, cdc25-22, leu1-32, ura4-D18, h- This study 
MBY1513 pdk1::GFP-ura4+, cdc25-22,  leu1-32, ura4-D18 This study 
MBY1524 pdk1::ura4+, plo1-24C, ura4-D18, leu1-32 This study 
MBY1527 pdk1::GFP-ura4+, leu1-32, ura4-D18, h- This study 
MBY1532 pdk1::ura4+, plo1-1, leu1-32, ura4-D18 This study 
MBY1547 pdk1::ura4+, sid2::GFP-ura4+, cdc25-22, ade6-21X, leu1-32, This study 
ura4-D18 
MBY1708 spbc17f3.02::GFP-ura4+, leu1-32, ura4-D18, h- This study 
MBY1710 spcc70.05c::GFP-ura4+, leu1-32, ura4-D18, h- This study 
MBY1711 spbc32h8.10::GFP-ura4+, leu1-32, ura4-D18, h- This study 
MBY1971 pdk1::GFP-ura4+, sid3-106, ade?, leu1-32, ura4-D18  This study 
MBY1972 pdk1::GFP-ura4+, cdc14-118, ade?,  ura4-D18, leu1-32  This study 
MBY1973 pdk1::GFP-ura4+, cdc7-24, ade?, leu1-32, ura4-D18  This study 
MBY1974 pdk1::GFP-ura4+, cdc11-123, ura4-D18, leu1-32, ade? This study 
MBY1975 pdk1::GFP-ura4+, cdc16-116, ade?, leu1-32, ura4-D18  This study 
MBY1976 pdk1::GFP-ura4+, cdc15-140,  ade?, leu1-32, ura4-D18   This study 
MBY1977 pdk1::ura4+, mid1::GFP-ura4+, ade6-210, leu1-32, ura4-D18 This study 
MBY1984 pdk1::ura4+, nmt1::cdc13::YFP, cdc25-22, leu1-32 This study 
MBY2033 pdk1::kanR, mph1::ura4+, cdc25-22, ura4-D18, h- This study 
MBY2082 pdk1::GFP-ura4+, mid1::ura4+, cdc25-22, ura4-D18, leu1-32 This study 
MBY2090 nmt1::cdc13::YFP, cdc25-22, leu1-32, h- This study 
MBY2132 pdk1::GFP-ura4+, mid1::3HA, ade?, leu1-32 This study 
MBY2140 pdk1::ura4+, plo1-25, leu1-32, ura4-D18 This study 
MBY2163 pdk1::ura4+, sid1-239, leu1-32, ura4-D18 This study 
MBY2165 pdk1::ura4+, spg1-106, leu1-32, ura4-D18 This study 
MBY2167 pdk1::ura4+, sid4-A1, leu1-32, ura4-D18 This study 
MBY2169 pdk1::ura4+, clp1::ura4+, ade6-210, ura4-D18, leu1-32 This study 
MBY2171 pdk1::ura4+, cdc7-24, ura4-D18, leu1-32 This study 
MBY2173 pdk1::ura4+, cdc11-123, ade6-210, leu1-32, ura4-D18 This study 
MBY2176 pdk1::ura4+, cdc16-116,  ade6-216, leu1-32, ura4-D18 This study 
MBY2178 pdk1::ura4+, cdc14-118, ade6-210, leu1-32, ura4-D18 This study 
MBY2186 pdk1::GFP-ura4+, sid4::CFP-kanR, ade6-21X, leu1-32, ura4-D18 This study 
MBY2187 pdk1::GFP-ura4+, sid4-A1, ade?, leu1-32, ura4-D18  This study 
MBY2188 pdk1::GFP-ura4+, sid1-239, ade?, leu1-32,  ura4-D18 This study 
MBY2286 plo1::EGFP-kanR, ade6-21X, leu1-32, ura4-D18, h+ This study 
MBY2190 pdk1::13myc- ura4+, leu1-32, ura4-D18, h- This study 
MBY2271 pdk1::ura4+, sid3::GFP, leu?,  This study 
MBY2272 pdk1::ura4+, sid4::CFP- kanR, ade?, leu1-32, ura4-D18 This study 
MBY2274 pdk1::ura4+, cdc11::GFP, leu? This study 
MBY2281 pdk1::ura4+, sid1::GFP- ura4+, ade?, leu1-32 This study 
MBY2284 pdk1::ura4+, cdc7::GFP-ura4+, ade?,  leu? This study 
MBY2345 clp1::ura4+, mid1::ura4, ade6-21X, leu1-32, ura4-D18 This study 
MBY2397 pdk1::ura4+, leu1-32, ura4-D18 transformed with nmt41-plo1+-
leu+  plasmid (pCDL 920) 
This study 
MBY2400 pdk1::ura4+, leu1-32, ura4-D18 transformed with nmt41 plasmid 
(pCDL 31) 
This study 
MBY2453 pdk1::ura4+, sid2-250, leu1-32,  ura4-D18 This study 
MBY2454 pdk1::13myc-ura4+, cdc25-22, ade?, leu?, ura4-D18 This study 
MBY2455 pdk1::13myc- ura4+, plo1::EGFP-, ade?, leu?, ura4-D18 This study 
MBY2462 pdk1::ura4+, mad2::GFP-ura4+, cdc25-22, ade6-21X,  
leu1-32, ura4-D18 
This study 
MBY2477 mad2::GFP-ura4+, cdc25-22, ade6-21X, leu1-32, ura4-D18 This study 
MBY2801 pdk1::ura4+, uch2::GFP-ura4+, cdc25-22 This study 
MBY2860 ptn1::kanR, leu1-32, ura4-D18, h- This study 
MBY2862 pdk1::GFP-ura4+, ptn1::kanR, leu1-32, h- This study 
MBY2987 pdk1::ura4+, leu1-32,  h-, transformed with nmt1-mmPDK1  This study 
MBY2991 pdk1::ura4+, leu1-32,  h-, transformed with nmt81-mmPDK1 This study 
MBY3051 pdk1::ura4+, leu1-32,  h-, transformed with nmt1 This study 
MBY3555 pdk1::ura4+, sid2::GFP-ura4+, ade?, leu1-32 This study 
MBY3817 pdk1::ura4+, 13myc::cdc14-leu1+, ade6?, leu1-32, ura4-D18 This study 
MBY3818 pdk1::ura4+, sid2::13myc-kanR,, ade?, leu1-32 ura4-D18 This study 
MBY3819 pdk1::ura4+, plo1::3HA-ura4+,  This study 
MBY3820 pdk1::ura4+, spg1::HAH-ura4+, ade?, leu1-32,  ura4-D-18 This study 
MBY3821 pdk1::ura4+, 13myc::sid1-ura4+, ade?, leu1-32,  ura4-D-18  This study 
MBY3822 pdk1::ura4+, cdc7:: 3HA-ura4+, ade?, leu1-32,  ura4-D-18 This study 




         Table 2. List of plasmids 
 
Plasmid Vector/ Host strain Vector site Insert / Mutation Primers Source 
pCDL31 pRep41/ XL1-Blue MCS nmt41  [1] 
pCDL32 pRep1/ XL1-Blue MCS nmt1  [2] 
pCDL53 pJK210 / XL1-Blue MCS   [3] 
pCD 999 pGEX-4T-1 /XL1-Blue MCS   Amersham, 27-4580-01 
pCDL1024 pGEX-4T-1 / BL21 MCS   Amersham, 27-4580-01 
pCDL592 pJK210 / XL1-Blue BamHI 13myc, BamHI-BglII (orientation: KpnI-SacI)   Lab. collection 
pCDL721 pJK210 / XL1-Blue  GFP, BamHI-NotI, frame: XGGATCCGG  Lab. collection
 
pCDL778 pBSK(+)  SpeI-EGFP( w STOP)-BamHI-KanMX-EcoRI  Lab. collection 
pCDL970 pAS2-1 MCS GAL4 DNA-BD  Clontech 
pCDL971 pACT2 AD MCS GAL4 AD   Clontech 
pCDL1055 pREP41  HA  [4] 
pCDL1056 pREP41-HA-sid2  sid2+ /T578E  [4] 
pCDL1057 pREP41-HA-sid2  sid2+ /D150G!  [4] 
pCDL711 pJK210-GFP / JM110 BamHI-XhoI, linearize: ClaI pdk1






+ (+800-1650)  MOH1485, 1301 This study 
pCDL920 nmt41 / XL1-Blue NdeI-BamHI plo1+ MOH1662, 1663 This study 
pCDL973 pSA2-1 NdeI-PstI pdk1+  MOH1893, 1517 This study 
pCDL974 pSA2-1 NdeI-BamHI plo1+ MOH1662, 1663 This study 
pCDL975 pSA2-1 NdeI-SmaI mid1+ MOH1891, 1892 This study 
pCDL976 pACTAD SmaI-XhoI pdk1+  MOH1899, 1900 This study 
pCDL977 pACTAD BamHI-XhoI plo1+ MOH1897, 1898 This study 
pCDL981 pACTAD BamHI-XhoI mid1+ MOH1895, 1896 This study 
pCDL1061 pREP41-HA-sid2  sid2+/S444E MOH2337, 2338 This study 
pCDL1062 pREP41-HA-sid2  sid2+/T541E MOH2339, 2340 This study 
pCDL1064 pREP41-HA-sid2+T578E  sid2
+ /T578E, S444E MOH2337, 2338 This study 
pCDL1065 pREP41-HA-sid2+T578E  sid2
+ /T578E, T541E MOH2339, 2340  This study 
pCDL1043 pGEX-4T-1 / BL21 EcoRI- XhoI pdk1+ (1653) MOH1900, 2081 This study 
pCDL1106 nmt41 / XL1-Blue NdeI-BamHI cdc14+  MOH2445, 2446 This study 
pCDL1153 nmt1 / XL1-Blue NdeI-SmaI mouse PDK1+ MOH2137, 2138 This study 
pCDL1154 nmt81 / XL1-Blue NdeI-SmaI mouse PDK1+ MOH2137, 2138 This study 
 
 
        1. Basi, G., Schmid, E., and Maundrell, K. (1993). TATA box mutations in the Schizosaccharomyces pombe nmt1 promoter affect 
transcription efficiency but not the transcription start point or thiamine repressibility. Gene 123, 131-136. 
 
      2. Maundrell, K. (1993). Thiamine-repressible expression vectors pREP and pRIP for fission yeast. Gene 123, 127-130. 
 
      3. Keeney, J.B., and Boeke, J.D. (1994). Efficient targeted integration at leu1-32 and ura4-294 in Schizosaccharomyces pombe. 
Genetics 136, 849-856. 
 
      4. Hou, M.C., Salek, J., and McCollum, D. (2000). Mob1p interacts with the Sid2p kinase and is required for cytokinesis in fission 
yeast. Curr Biol 10, 619-622. 
 
Table 3. List of primers 
 
Primer  Sequence Description 
MOH116 GAGGAATCCTGGCATATC nmt1 promoter  primer to seq. 5’ ends of inserts 
MOH117 GGGCTTCCATAGTTTG nmt1 terminator primer  to seq. 3’ ends of inserts 
MOH 1207 AATTAACCCTCACTAAAGGG T3  


















MOH 1301 GTCGTCGGATCCCCTCTTCCCGTCTCCTTC pdk1-BamHI-R(everse) 
MOH 1485 ACGCGTCGACTAATTACCGATTTCGGCACAGCC pdk1-SalI-F(orward) 
MOH 1517 AAAACTGCAGCTCTTCCTCGTTCTCTTCTAC pdk1-PstI-R 
MOH 1662 GTCGGCCATATGGCGAGTGTTGCAATTAAAG plo1-NdeI-F 
MOH 1663 GTCGGCGGATCCTTAACTCACTTCCATTTTCG plo1-BamHI-R 
MOH1891 GGGAATTCCATATGAAAGAGCAAGAGTTCTC mid1-NdeI-F 
MOH1892 TGG-CCCGGG-TTAAGCCATAAAATTCACG mid1-SmaI-R 
MOH1894 GGGAATTCCATATGGATCTGGAGCATAAACGCATTAG pdk1-NdeI-F 
MOH1895 CGCGGATCCGGATGAAAGAGCAAGAGTTCTC mid1-BamHI-F 
MOH1896 CGC-GTCGAG-TTAAGCCATAAAATTCACG mid1-XhoI-R 
MOH1897 CGCGGATCCGGATGGCGAGTGTTGCAATTAAAG plo1-BamHI-F 
MOH1898 CGCGTCGAGTTAACTCACTTCCATTTTC plo1-XhoI-R 
MOH1899 TGGCCCGGGCGATGGATCTGGAGCATAAACGC pdk1-SmaI-F 
MOH1900 CGCGTCGAGTTACTCTTCCTCGTTCTCTTCTAC pdk1-XhoI-R 
MOH2019 CTGCGGTATAATTCACAGAGAT pdk1 sequencing (+513)-F1 
MOH2020 TCACATTTGAGCGATAATAAGC pdk1 sequencing (+1057)-R1 
MOH2021 TCGCAAGAGGGCGGTAG mid1 sequencing (+522)-F1 
MOH2022 TTTGGATTTCGTTTCAGCAG mid1 sequencing (+2037)-R1 
MOH2023 GAACTACATCGCACCTGAAAT plo1 sequencing (+606)-F1 
MOH2024 CGCTCTTAGTTGGAACAAATG plo1 sequencing (+1279)-R1 
MOH2081 CCGGAATTCATGGATCTGGAGCATAAACGC pdk1-EcoRI-F 
MOH2137 GGAATTCCATATGGCCAGGACCACCAGCCA mouse PDK1-NdeI-F 
MOH2138 GGACCCGGGTCACTGCACAGCAGCATCTG mouse PDK1-SmaI-R 
MOH2193 CATACGGAACTTTGTTTTCTTTTA mouse PDK1 seq. R1 (+488) 
MOH2194 CTAAACGCTTTGTGGCATCT mouse PDK1 seq. R2 (+1085) 
MOH2195 GCTCGTGGCAGGACTCC mouse PDK1 seq. F1 (+931) 
MOH2293 GCTTATTATCGCTCAAATGTGA pdk1 sequencing (1036)-F2 
MOH2337 CTGGTTTTCCTCCATTTGAGGGCTCCAATGTTAATGAAACC 
Forw to introduce a 
S444/E in sid2+ 
MOH2338 GGTTTCATTAACATTGGAGCCCTCAAATGGAGGAAAACCAG 
Rev to introduce a S444/E 
in sid2+ 
MOH2339 CGCAGGATATTTTGATGATTTCGAGAATGAAAATGATATGTCTAA 
Forw to introduce a 
T541/E in sid2+ 
MOH2340 TTAGACATATCATTTTCATTCTCGAAATCATCAAAATATCCTGCG 
Rev to introduce a T541/E 
in sid2+ 
MOH2341 CCAACCTAAGGTAAAGAGAATG sid2 sequencing  (+399)-F1 
MOH2342 GGGATCATCATGCCAAG sid2 sequencing  (+911)-F2 
MOH2343 GCGATTTGGAATTCAACTGG sid2 sequencing  (+1412)-F3 
MOH2344 GACGGGCTCTTTGCTTG sid2 sequencing  (+502)-R1 
MOH2345 TGGCTTAAGGTCACGATG sid2 sequencing(+1003)- R2 
MOH2445 GGAATTCCATATGGAAGATCTATTAAACAATGC cdc14-NdeI-F  
MOH2446 CGCGGATCCCTAGTCGAATGTTTCGT cdc14 -BamHI-R 




3.1. Systematic deletion analysis of fission yeast protein kinases 
 
Given the importance of protein kinases in signal transduction pathways, we 
decided to investigate the function of all putative protein kinases found in the S. pombe 
genome through a systematic deletion analysis.  In order to generate deletion alleles, the 
approach of PCR based homologous recombination was applied. Details of this strategy 
are described in Materials and Methods 2.2.2 section as well as Figure 5. When this study 
was initiated, 14 protein kinases were shown to be essential for viability. Therefore, the 
remaining 92 genes encoding known and putative protein kinases were selected for 
construction of deletion mutants (Appendix 1).  
3.1.1. Identification and basic characterisation of three novel essential protein kinases 
 
Individual deletion of three genes out of 92, namely SPCC70.05c, SPBC17F3.02, 
and SPBC32H8.10, could not be recovered when haploid strains were transformed, 
suggesting that these gene products might be essential for cell viability.  To investigate 
the function of these potentially essential kinases, heterozygous deletion alleles were 
generated in a diploid homothallic (h90/h90) strain. All clones obtained from the 
transformations were tested for the presence of both the ura4+ cassette and wild-type 
allele in a PCR assay (Figure 6A). The validated diploid strains were subsequently 
incubated on YPD plates to achieve sporulation. Upon tetrad formation, spores from asci 
were separated and the segregation patterns examined. In case of all three strains two 
viable colonies and two dead microcolonies were observed (Figure 6B). The viable 
colonies were unable to grow in the absence of uracil, confirming that these carried the 
 46
wild type alleles. To further investigate the phenotypes arising from deletion of these 
kinases, spores were germinated at 24°C in a selective medium allowing only for the 
growth of mutant spores. Cultures were then fixed with formaldehyde and cells stained 
with DAPI and aniline blue to visualise the nuclei as well as the cell wall/septum 
respectively. 
Microscopic observation of the three mutants revealed the following phenotypes:  
SPCC70.05c (ppk37) mutant cells showed an abnormal nuclear DNA morphology in that 
the DAPI stained nuclear material was more diffuse and spread over a larger region of the 
cell (Figure 6C), compared to a wild-type control. In some instances, these DNA 
structures appeared to resemble meiotic horse-tail chromosomes (marked with an arrow). 
However, further studies with conditional alleles will be required to establish the basis of 
this nuclear morphology phenotype. SPBC17F3.02 mutants have a round cell 
morphology, indicating defects in polarity establishment and/or maintenance; and 
SPBC32H8.10 mutants exhibited a small dot-like DNA staining, suggesting a compaction 
of chromosomal DNA in interphase cells (Figure 6C).   
To further characterise the cellular function of these three essential putative 
protein kinases, the sub-cellular localisation of proteins fused with Green Fluorescent 
Protein (GFP) at their carboxyl (C)-terminal regions was determined. Haploid cells 
expressing the fusion from the genomic locus were viable with no observable defects, 
indicating that the tagged proteins were at least partially functional. Fluorescence 
microscopy analysis revealed the following distinct sub-cellular localisation of these 
protein kinases: SPCC70.05c-GFP was predominantly distributed at cortical membranes; 
SPBC17F3.02-GFP was localised in the cytoplasm and at the division septum; and
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SPBC32H8.10-GFP was present in the nucleus (Figure 6D). During the process of this 
study, two S. pombe protein kinases, SPBC17F3.02/nak1 and SPBC32H8.10/cdk9 were 
reported by Huang and colleagues [158] and Pei and Shuman [159]. Both kinases have 
orthologues in S. cerevisiae: YHR102W/KIC1 and YPR161C/SGV1. 
3.1.2. Examination of phenotypes of generated deletion mutants at non-restrictive 
conditions  
 
Besides the 3 putative protein kinases that were found to be essential for viability, 
SPAC29A4.16 (ppk10) was initially unable to form colonies when deleted in haploid 
cells.  Tetrad dissection analysis of a diploid knock out strain showed that all four spores 
from tetrads (containing either a wild-type allele or deletion allele) were viable and 
formed colonies on YES plates. Examination of colonies replicated onto EMM plates 
lacking uracil revealed that ura4+ colonies were very sensitive to minimal medium. This 
observation explained why the haploid deletion mutants failed to grow on the selective 
medium, and also suggested a role for ppk10 in some aspects of cellular metabolism. 
Next, the growth phenotype of all viable deletion mutants cultured at non-
restrictive conditions (in YES at 24°C) was assessed. At least two independent isolates 
were examined to ascertain that there was no random mutation in the background which 
could potentially alter the mutant phenotype. Moreover, construction of deletions of all 
the previously characterised dispensable protein kinases constituted a reliable control, 
when possible phenotypic alterations were assessed. Data obtained from the growth assay 
(Table 4) showed that the phenotypes of deletion mutants lacking a known protein kinase 
were identical to previously reported observations. Therefore the putative protein kinase 
mutant haploid strains generated in this study are unlikely to harbour any random 
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mutations (i.e. suppressors). Microscopic examination of cells (with stained nuclei, cell 
walls and septa) indicated that the vast majority of non-essential kinase deletion mutants 
resembled wild-type cells in morphology, although a subset of previously characterised 
mutants (such as pom1∆, pck1∆ and pck2∆) in accordance with previous reports 
exhibited abnormal morphology. In addition, several previously characterised deletion 
mutants (wee1, cdr1, cdr2, wis1, spk1, sty1) exhibited altered size at division (data not 
shown) as was reported. One kinase mutant: pdk1∆ (ppk21) was moderately defective in 
cytokinesis and will be described in detail in the Results II section.  
3.1.3. Examination of the growth of deletion mutants under various stress conditions 
 
The growth of all viable protein kinase deletion mutants was investigated under 
various stress conditions. Their temperature sensitivity was tested on YES plates 
incubated at 19°C (low) and 36°C (high). In order to determine the sensitivity of deletion 
mutant strains to various stress factors, we supplemented YES medium with common 
stress factors such as salt (KCl), osmolyte (sorbitol), oxidant (hydrogen peroxide); agents 
that inhibit DNA replication (hydroxyurea (HU)) or damage DNA (methansulphonic acid 
ethyl ester) (EMS)); cytoskeleton poisons (methyl 2-benzimidazole carbamate (MBC), 
thiobendazole (TBZ), and latrunculin A (Lat-A)); chemicals that disrupt cell 
wall/membrane structures (calcofluor; sodium dodecylsulfate (SDS)); agents that block 
the secretory pathway (brefeldin A), protein biosynthesis (cycloheximide), and Ca2+ 
chelator: ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). 
For each stress factor, ranges of dosages were applied.  For further analysis only 
those concentrations were chosen where no more than 6% of mutants displayed wild-type 
growth dynamics and at least 6% of mutants were able to grow.  The ability of kinase

Table 4.  Phenotypic assessment of non essential protein kinase deletion mutants     
grown under various stress conditions 
 
           Growth with indicated stressa 
Symbol Sys name   19°C 36°C MM TBZ MBC LatA BFA cHex H2O2 HU EMS Bleo SDS   EGTA KCl Sorb Calc 
 
bub1  SPCC1322.12c  NDb + ND --- --- + ND ND ND - ND ND ND ND ND ND ND 
byr1  SPAC1D4.13  + + - - - + + - + + + - + + + + + 
byr2  SPBC1D7.05  + + + - + + + + + + + - - + + + - 
cdr1  SPAC644.06c  + + + - - - - + + + + + + + + + + 
cdr2  SPAC57A10.02  + + + - - + + + + + + + + - + + + 
cds1  SPCC18B5.11c  + + - - + - + - - --- + + - + - + + 
cek1  SPCC1450.11c  - + - - - - + + + + + + -- + - + - 
chk1  SPCC1259.13  + + + - - + - + + --- - - + + + + + 
cki1  SPBC1347.06c  + + + + + + + + + + + + + + + + + 
cki2  SPBP35G2.05c  + + + - + + + + + + + + + + + + + 
cki3  SPAC1805.05  + + + + + + + + + + + + - + + + + 
cmk1  SPACUNK12.02c + - - - + + + - + - + - + + + + + 
cmk2  SPAC23A1.06c  + + - + + + + - + - + - - + + + + 
csk1  SPAC1D4.06c  --- + --- -- -- - -- - - - + -- -- + - - - 
dsk1  SPBC530.14c  + + - - - + + - + - - - + - + + + 
fin1  SPAC19E9.02  + + + --- --- + + + + - + + + + + + + 
gad8  SPCC24B10.07  - + + --- - - + + - + + -- -- + -- + + 
gsk3  SPAC1687.15  - + + - - - + + + + + + - + - + + 
gsk31 SPBC8D2.01  + + + + + + + - + + + + + - + + + 
hhp1  SPBC3H7.15  -- - - - - + - + - --- --- -- -- + - - + 
hhp2  SPAC23C4.12  + + + - + + + + + -- - + + + - + + 
hri1  SPAC20G4.03c  + + + - - - - + + + - - - + + + + 
hri2  SPAC222.07c  + + + - + + + + - + - - - + - + - 
kin1  SPBC4F6.06  + - - --- -- + - --- + - - --- -- --- -- + + 
lkh1  SPAC1D4.11c  - - - - - - + - - - + - -- + - - - 
lsk1  SPAC2F3.15  - + + -- - + + + - + - - + + + + + 
mde3  SPBC8D2.19  + + + - + - + + + - + + - + - - - 
mek1  SPAC14C4.03  - + + - - + - + + + + + + + + + + 
mik1  SPBC660.14  - + + - - + + + + --- + + + + + + + 
mkh1  SPAC1F3.02c  + - - -- - + + + + - - + + - - + + 
mph1 SPBC106.01  + + -- --- --- + - - - - - - - - - + + 
oca2  SPCC1020.10  + + + + + + + + + + + + + + + + + 
pck1  SPAC17G8.14c  -- - + - + - + + + + + + - + - + + 
pck2  SPBC12D12.04c --- -- + - - + + + - - + + - + - - + 
pef1  SPCC16C4.11  - - --- - + - - + -- - - -- - - - + - 
pek1  SPBC543.07  + + - -- - - + + + + + + + + + + + 
pit1  SPAC3C7.06c  + + - - - + + + + + - + + + - + + 
pka1  SPBC106.10  + + + -- -- --- + - - -- + -- - + --- - + 
pmk1  SPBC119.08  - - - -- - -- - + - - - - - - - - + 
pom1 SPAC2F7.03c  -- + + - - -- - - + - - - -- - - - - 
ppk1  SPAC110.01  + + + - + + + + + - + + - + + + + 
ppk2  SPAC12B10.14c ND + - - + + + + + + - + + + + + + 
ppk3  SPAC15A10.13  - + + -- - - - - - - - - - + - + - 
ppk4  SPAC167.01  + - -- - - - - + + - - - - + - - - 
ppk5  SPAC16C9.07  + + + - + + - + + + + + + + + + + 
ppk6  SPAC1805.01c  + + - + + + + - + + + + + + + + + 
ppk7  SPAC22E12.14c + + + - - + - - + + - + + + - + + 
ppk8  SPAC22G7.08  + + + - + + + - + - - - + - + + + 
ppk9  SPAC23H4.02  + + + - - - + + + - + - + + + + + 
ppk10 SPAC29A4.16  - + --- --- - -- - -- - --- - --- -- + + - - 
ppk11 SPAC2C4.14c  + - + - - + + + - + - - + + + + + 
ppk13 SPAC3H1.13  + + + + + + + + + + + + + + + + + 
ppk14 SPAC4G8.05  + + + + + + + + + + - + + + + + + 
ppk15 SPAC823.03  - + + - + - - + - - + -- -- + + + - 
ppk16 SPAC890.03  + + + - + + + + + - + + + + + + + 
Table 4-Continued 
           Growth with indicated stressa 
Symbol Sys name   19°C 36°C MM TBZ MBC LatA BFA cHex H2O2 HU EMS Bleo SDS   EGTA KCl Sorb Calc 
 
ppk18 SPAPB18E9.02c -- + -- -- + -- + + + + + - - + - + - 
ppk19 SPBC119.07  -- --- - --- - + + -- - + + --- + --- -- + + 
ppk20 SPBC16E9.13  - + + + + + + + + + + + + - + + + 
ppk21C SPBC1778.10c  + + + - + + - + + + + - + + + + + 
ppk22 SPBC1861.09  + + + + + + + + + + - + - + + - - 
ppk23 SPBC18H10.15  -- + + - + - + + - - + - - + - - - 
ppk24 SPBC21.07c  + + + + + + + + + - + + + + + + + 
ppk25 SPBC32C12.03c - + + - - - - + + - - + + + - + + 
ppk26 SPBC336.14c  + - -- -- - + + + + + - + - - + - + 
ppk27 SPBC337.04  --- + + - + + + + + + + + - + + + + 
ppk28 SPBC36B7.09  + + + - + + + + + + + + + + - + + 
ppk29 SPBC557.04  - + + - + + + + + + + + - + + - - 
ppk30 SPBC6B1.02  - + ND - - - + + - + + - - - + - + 
ppk31 SPBC725.06c  + + + - - + + + + + -- + + - + + + 
ppk32 SPBP23A10.10  - + + -- - + + + + + - + - + - - + 
ppk33 SPCC162.10  + + - - - - + - + - - + + + + + - 
ppk34 SPCC1919.01  - + - - + + - + + + + -- - + + + - 
ppk35 SPCC417.06c  + + + + + - + + + + - + + + + + + 
ppk36 SPCC63.08c  + + + - + - + + + - - + + + + + - 
ppk38 SPCP1E11.02  + - + - + + - + + + - - - - + + + 
psk1  SPCC4G3.08  + + + - + + + + + + + + + - + + + 
sck1  SPAC1B9.02c  ND ND ND ND ND ND ND ND  ND ND ND ND ND ND ND ND ND 
shk2  SPAC1F5.09c  + + -- - + - + + + - + - + + + + - 
spk1  SPAC31G5.09c  - + - - - + + - + - - - + + - + + 
spo4  SPBC21C3.18  + + - - - -- - + + - + - - + - - -- 
srb10 SPAC23H4.17c  + + + - + + + + + + + + - - + + + 
srk1  SPCC1322.08  + + - - - - - + + - + - + - - + - 
ssp1  SPCC297.03  + - - - - + + + + + - + + + - - + 
ssp2  SPCC74.03c  - - + - + - + + + + + + + + + + + 
sty1  SPAC24B11.06c + --- -- -- - + - - --- - - -- - - --- -- + 
wee1  SPCC18B5.03  --- -- - --- -- -- - -- - -- + --- -- + - - - 
win1  SPAC1006.09  + --- + -- - + + + - + - + - + -- - - 
wis1  SPBC409.07c  --- --- - - - -- - - --- + + -- --- + --- -- - 
wis4  SPAC9G1.02  + -- + - + - - - -- - - - - - -- + - 
 
a Abbreviations of stress factors: MM stands for Minimal Medium; TBZ for Thiabendazole; MBC for Methyl 2-Benzimidazole 
Carbamate; LatA for Latrunculin A; BFA for brefeldin A; cHex for cyclohexmide; HU for hydroxyurea; EMS for ethyl 
methanesulphonate; Bleo for bleomycin; SDS for sodium dodecyl sulphate; Sorb for sorbitol; Calc for calcofluor.   
b Description of phenotypes: ND stands for no data.  “+” stands for wild type growth; “-“ for growth at 1 dilution factor less than 
that of wild-type cells; “--“ for 2 dilution factors less; and “---“ for 3 (or >3) dilution factors less than that of the wild-type cells.   




deletion strains to grow at 36°C and on plates supplemented with TBZ or HU as an 
example is shown in Figure 7.  In these sensitivity assays we identified 41 deletion 
mutants that were hypersensitive to at least one of the 17 different stress conditions tested. 
Table 4 contains the summary of all data obtained from the sensitivity assays. 
3.1.4. Functional grouping of putative protein kinases 
 
In order to functionally classify mutants based on similar growth defects 
displayed under various stress conditions, we selected those mutants that exhibited 
hypersensitivity to at least one stress condition (Table 4). Next, the growth pattern of 
these strains observed under each stress condition was scored and investigated based on 
semi-quantitative values of the mutant growth (Table 4). Data were processed by Jianhua 
Liu in a two-dimensional cluster analysis using Pearson correlation [160] with complete 
linkage groups and a minimal similarity of 50% of the growth pattern. The analysis gave 
rise to eight groups (Figure 8). 
Deletion mutants in Group A: cds1-, chk1-, hhp2-, and mik1- showed 
hypersensitivity to HU, a DNA replication inhibitor (Figure 7) as well as to the mutagens 
MMS and 4NQ (data not shown). This finding is consistent with previous reports 
indicating that the deletions in these genes result in defects in DNA repair and/or DNA 
damage/replication checkpoint control [17, 161, 162].  
Most mutants in Groups B and C exhibited multiple sensitivities to a number of 
stress factors affecting microtubule and actin cytoskeletons, DNA replication, and agents 
such as detergent and antibiotics. Several characterised kinases that have been shown to 
be important for processes such as cell wall integrity, cell cycle regulation, and polarity
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(see Appendix 1 for references) also clustered into these groups. Thereby putative protein 
kinases of these groups could be involved in the above-mentioned biological processes.   
Group D contained mutants such as wis4-, win1-, and sty1- that exhibited 
hypersensitivity to a number of common stress factors such as high temperature, high salt 
concentration and oxidative stress, supporting previous reports [163-165]. Wis4p, Win1p 
and Sty1p have been indicated to play important roles in the stress response pathway (for 
the reference see Appendix 1). Interestingly two other kinases Kin1p and the previously 
uncharacterised Ppk19 (Spbc119.07) could be clustered into the same group based on the 
growth phenotype of deletion mutants. In addition to the above mentioned stress factors 
both kin1- and ppk19- displayed hypersensitivity to a number of other conditions, i.e. 
EGTA and cycloheximide.  
Mutants in Group E showed highly diverse phenotypes and likely function in cell 
cycle regulation, cell growth, and in response to common stresses such as temperature, 
salt, oxidant, and osmolyte. In addition many mutants in Groups B, C and E showed 
hypersensitivity to microtubule poisons such as MBC and TBZ and some of these were 
also sensitive to actin depolymerising Lat-A. Therefore, it is conceivable that some 
mutations affecting the function of protein kinases involved in cytoplasmic microtubule-
mediated cellular growth would result in hypersensitivity to both microtubule poisons 
and polarised growth inhibitors.  Notably, MBC and TBZ differ in their specificities 
towards tubulin, with TBZ having additional effects on actin cytoskeleton and other 
possible targets as well [166]. Thereby including a drug with wider spectrum of targets in 
the analysis could contribute to the grouping of mutants sensitive to microtubule drugs 
with those sensitive to actin cytoskeleton poison.  
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Group F and G kinases appear to be involved in the assembly of the mitotic 
spindle given the hypersensitive phenotype they exhibit upon treatment with microtubule 
poisons. The classification of Fin1p and Bub1p proteins known to regulate mitotic 
spindle assembly and to be involved in SAC [47, 167] respectively, implies that mutants 
belonging to group F are likely to be involved in non-cytoplasmic microtubule-associated 
processes. Some kinases belonging to group G have been shown to perform additional 
roles in maintaining cell wall integrity.   
  Category H comprised of three members, the individual deletions of which 
resulted in a very poor growth at 19ºC. Two of these proteins Pck1 and Pck2 have been 
previously characterised and reported to be involved in cellular morphogenesis [168].  
Each of the stress factors was applied at an intermediate dosage range that was 
comparable in terms of effects on mutant cell growth, that is, neither too strong to inhibit 
growth of a majority of mutants (e.g., >6%) nor too weak to display any effect on many 
mutants (>6%). Given the fact that all available protein kinase mutants were tested under 
identical conditions, the different effects of stress factors could thus be compared. 
Following two-dimensional cluster analysis, 17 stress factors were separated into 4 
categories (Figure 8). Category 1 had only two factors, EGTA (Ca2+ chelator) and 
cycloheximide (protein biosynthesis inhibitor), and only two mutants, ppk19- and kin1- 
exhibited hypersensitivity to these factors. Group 2 consisted of stress factors that could 
potentially destabilise genome integrity (microtubule poisons TBZ, MBC and agents 
affecting DNA replication and integrity viz. HU and EMS respectively). Category 3 
contains a number of drugs that affect general cellular growth: calcofluor disrupts cell 
wall structures; Lat-A prevents polymerisation of F-actin; and brefeldin A interferes with 
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the secretory pathway. Finally, stress factors that are commonly present in the 
environment such as high or low temperatures, high salt and osmolyte concentration, 
together with the oxidant H2O2 form the last group. Each category may reflect a major 
signalling pathway that is involved in response to the stress factors within the category.  
3.1.5. Conjugation, meiosis and sporulation of deletion mutants 
 
Fission yeast cells undergo meiosis upon nutritional starvation leading to the 
formation of ascospores [169]. A number of regulators including protein kinases that are 
required for conjugation (e.g., Byr2p, Byr1p and Spk1p), meiosis (e.g., Mde3p and 
Mek1p), and sporulation (e.g., Spo4p and Pit1p) have been previously characterised (see 
references in Appendix 1, www.genedb.org/, and www.incyte.com/proteome/). Mutations 
in some of them (e.g., byr2, byr1, med3, mek1, and pit1) were found to have no obvious 
vegetative growth phenotype under various stress conditions tested (Table 4, for 
references see Appendix 1), but failed to conjugate, or undergo meiosis or sporulation 
(Figure 9). In order to identify protein kinases which are involved in any of these 
processes, we constructed 84 individual kinase deletion alleles in a haploid homothallic 
(h90) strain that could undergo mating and sporulation upon nitrogen starvation [169]. To 
induce sporulation, aliquots from a set of serially diluted cultures were spotted onto YPD 
plates. Wild-type cells formed spores after 3-4 days at 24ºC as indicated by a dark brown 
staining of spores upon a brief exposure to iodine vapour due to amyloid-rich spore walls 
(data not shown, [170]). Of 84 mutants tested, 15 showed major while 10 displayed 
partial defects in spore formation based on iodine-vapour staining (Figure 9). Thus, ~30% 
of protein kinases found in the entire fission yeast genome were involved in conjugation, 





In a functional genomics based approach to identify signalling proteins important 
for mitosis and cytokinesis, we have created a genome-wide bank of mutants deleted for 
genes encoding fission yeast protein kinases [171]. The characterisation of one protein 
kinase, Ppk21 / Pdk1p is the subject of the Results II section. 
3.2. Pdk1p is related to phosphoinositide dependent protein kinases  
 
 
Pdk1p encodes a serine/threonine protein kinase 550 amino-acids in length, with 
its kinase domain at its N-terminus (Figure 10A). Phylogenetic analysis and sequence 
comparisons established that Pdk1p is related to members of the phosphoinositide-
dependent protein kinase family [172]. Pdk1p was most related in its kinase domain to S. 
cerevisiae Pkh1p kinase [122]. S. pombe Pdk1p shares 47% sequence identity with S. 
cerevisiae Pkh1p that rises to 67% when conserved amino-acid substitutions are 
considered. Pdk1p also showed clear similarity to phosphoinositide-dependent protein 
kinases of Arabidopsis, fly, worm, zebrafish, mouse and human (Figure 10B-C) and 
belongs to the polo-kinase superfamily [171]. However, unlike most other members of 
the PDK family, a pleckstrin homology (PH) domain was not detected in the C terminal 
region of S. pombe Pdk1p (by searching NCBI-Conserved Domain Database (rpsblast) 
(www.ncbi.nlm.nih.gov) and Expasy-Motifscan (www.expasy.org). Besides the kinase 
domain a nuclear export signal (NES) motif (L-x(2,3)-[IVLMF]-x(2,3)-L-x-[LI]) 
LFHTFQDDLKL was found at position 118 [173]. 
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3.3. Phosphoinositide-dependent protein kinase Pdk1p is important for mitosis and 
cytokinesis 
 
3.3.1. Mitotic and cytokinetic phenotypes arising from depletion of cells of Pdk1p 
 
To understand the cellular role of Pdk1p, we analysed the phenotypes resulting 
from loss of its function in a strain deleted for the entire coding region of Pdk1p. Pdk1p is 
dispensable for vegetative growth, although upon microscopic examination, cells of 
varying sizes were detected in the pdk1∆ strain. Since G2 phase occupies approximately 
70-80% of the cell cycle, and given that the length of a fission yeast cell reflects its 
progression in the cell cycle (see Figure 1), any deviation from the wild-type pattern  
indicates possible defects in mitosis and cytokinesis. To further characterise the 
phenotype, an asynchronous population of pdk1∆ cells was fixed and stained with 
Alexa488-conjugated phalloidin, DAPI and aniline blue to visualise F-actin, nuclei and 
division septa, respectively (Figure 11A). Wild-type cells treated similarly were used as a 
control. Approximately 15% of wild-type cells were binucleate and the remainder were 
uninucleate. In these binucleate wild-type cells we observed actomyosin rings, a subset of 
which appeared to be undergoing constriction. In contrast, 5% of pdk1∆ cells contained 
over 2 nuclei, 27% contained 2 nuclei and the remainder had a single nucleus. Moreover, 
~6% displayed misplacement of the actomyosin ring/septum. Although the function of 
the actomyosin ring was not compromised in these cells, additional phenotypes pertaining 
to the actomyosin ring were detected upon detailed examination (discussed in a later 
section). Furthermore, some binucleate cells adopted a back-to-back interphase nuclear 




proportion of cells (6.36±1.20%) contained condensed metaphase/ anaphase A-like 
chromosomes, compared to wild-type cells (1.90±1.13%). The incidence of a higher 
percentage of multinucleate cells (Figure 11A-cell 2) and those with condensed 
chromosomes indicated that Pdk1p might be important for aspects of mitosis and 
cytokinesis, although its function was not essential for either process.  
Microtubule staining of asynchronous pdk1∆ cells revealed the presence of a 
higher proportion of cells with short spindles (wild-type: 2.50±1.26%, pdk1∆: 
6.38±1.09%) confirming a delay in early stages of mitosis. In addition, pronounced astral 
microtubules were detected in cells with short spindles and unsegregated chromosomes. 
This phenotype was more evident in elongated cells, such as pdk1∆ cdc25-22 (Figure 
11B). To quantify the number of astral microtubules, we synchronised cdc25-22 and 
pdk1∆  cdc25-22 cells at late G2 by shifting the cultures to the restrictive temperature of 
36°C. After release to the permissive temperature of 24°C to allow progression into 
synchronous mitosis, samples were taken at 15 min intervals. Microtubule structures 
were stained with α-TAT-1 antibody, and the number of astral microtubules in cells with 
a spindle length of 2-4 µm was counted. Interestingly, while a majority of wild-type cells 
had one or two astral microtubules, typically three or four astral microtubules were 
detected in pdk1∆ cdc25-22 cells (Figure 11B-C). Furthermore, some astral microtubules 
were qualitatively longer than in wild-type cells. Given recent observations that the 
majority of astral microtubules were intranuclear (described as intranuclear astral 
microtubules, INA [175] or intranuclear microtubules [176]) prior to anaphase B, we 
were interested to determine if the profusion of astral microtubules were intranuclear in 
nature. To answer this question, we created a pdk1∆ strain expressing Uch2p-GFP, a 
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component of the nuclear envelope and the nuclear matrix [177]. In this strain, the vast 
majority of astral microtubules were intranuclear (Figure 11D). Thus, loss of Pdk1p 
function leads to a delay in early stages of mitosis characterised by an increased number 
of intranuclear astral microtubules. 
3.3.2. pdk1∆ cells are not delayed in entry into mitosis 
 
In order to further investigate the role of Pdk1p in mitosis and cytokinesis, we 
analyzed a population of cells that were synchronously released into mitosis (as described 
in the previous section). The exact timing of entry into mitosis was investigated by 
examining the localisation of essential cyclinB/Cdc13p [178]. Comparison of 
cyclinB/Cdc13p-YFP fluorescence in control and pdk1∆ cells established that pdk1∆ cells 
were not appreciably delayed for entry into mitosis (Figure 12A). We also did not detect 
a considerable delay in the separation of spindle pole bodies visualized using Sid2p-GFP 
as a marker for the SPB (Figure 12B). Interestingly, Cdc13p-YFP was detected for longer 
periods on the spindle. Given that Cdc13p-YFP is detected only on the metaphase spindle, 
it appeared that pdk1∆ cells were delayed for progression from metaphase to anaphase. 
Correspondingly, the appearance of binucleate cells, assembly of actomyosin rings 
(Figure 12C-D) and division septa (Figure 12E) were also delayed.  
3.3.3. The metaphase delay of pdk1∆ is eliminated by bypassing the spindle assembly 
checkpoint 
 
Given the metaphase delay in pdk1∆ cells, we asked if bypassing the spindle 
assembly checkpoint (by inactivation of Mad2p and/or Mph1p; [48, 49]) could rescue the 
metaphase delay seen in pdk1∆. Interestingly, the metaphase delay was almost 




22 (data not shown), and anaphase onset in these strains occurred at a timing comparable 
to that in cdc25-22 single mutant cells. Thus, the metaphase delay likely results from the 
activation of the spindle assembly checkpoint. Strikingly, even though the chromosome 
segregation-delay was abolished in the absence of Mph1p or Mad2p, the delay in 
actomyosin ring assembly was only partially corrected in the absence of Mad2p or 
Mph1p (Figure 12D), suggesting that a possible structural defect might cause the delay in 
the assembly of the ring (discussed in a later section). 
To further characterise if the metaphase delay resulted from a defect in 
kinetochore attachment to microtubules (MTs), we studied the localisation of Mad2p in 
pdk1∆ cells. Mad2p has been reported to localise transiently to unattached kinetochores 
and relocate to the mitotic spindle once attachment of kinetochores to microtubules and 
bipolar orientation of chromosomes is achieved [45]. Whereas approximately 20% of 
wild-type cells with short metaphase-like spindles displayed a prominent kinetochore-
associated Mad2p-GFP signal, this signal was detected in approximately 31% of pdk1∆ 
cells indicating that at least part of the metaphase delay might result from improper 
kinetochore attachment (Figure 12F). 
3.4. Localisation of Pdk1p in wild type cells  
 
3.4.1. Pdk1p localises to the SPBs and cell cortex in early mitosis 
 
To study the in vivo localisation of Pdk1p, the chromosomal copy of the gene was 
fused at its 3’ end to the gene encoding GFP. Observation of cells fixed with 
formaldehyde revealed that Pdk1p-GFP was present in a single medial spot in a small 
proportion of uninucleate cells and in two spots in mitotic cells suggesting SPB 
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localisation of Pdk1p. To test if this was the case, the localisation of Pdk1p in cells 
concomitantly expressing a CFP-tagged version of the constitutive SPB component, 
Sid4p [80] was investigated. In early mitotic cells, with metaphase and anaphase-like 
configuration, Pdk1p was found to co-localise with Sid4p-CFP (Figure 13A). Whereas 
Sid4p-CFP was detected at the SPBs throughout mitosis and in interphase cells, Pdk1p 
was observed only in metaphase/anaphase A and early anaphase B (Figure 13A). Out of 
200 cells with two SPBs, Pdk1p was present at the SPBs only in 50 cells (25%). Cells 
with Pdk1p-GFP at one SPB were rarely observed, and were found subsequently to 
represent duplicated and unseparated SPBs early upon entry into mitosis (Figure 13A, 
marked with arrow). Co-staining with antibodies against Sad1p [155] also confirmed that 
Pdk1p was a component of early mitotic SPBs (data not shown). 
In some live cells undergoing mitosis, a faint cortical signal in the middle of the 
cell (Figure 13B, arrowheads) was noticed. However, this Pdk1p-GFP staining was lost 
upon fixation. To determine the exact timing of appearance of GFP signal on these 
structures, we examined the Pdk1p-GFP localisation in a synchronous cdc25-22 cell 
population by using time-lapse microscopy. No Pdk1p-GFP signal was visible in G2 
arrested cdc25-22 cells (data not shown). Upon release to the permissive temperature and 
early in mitosis, Pdk1p was detected on unseparated spindle pole bodies and the cortex 
overlying the nucleus. The strongest signal of Pdk1p-GFP on the SPBs and the cortical 
band/ring was visible in the early stages of mitosis (metaphase and anaphase A). 
Following anaphase B onset and spindle elongation, the intensity of GFP signal on SPBs 




3.4.2. Localisation of Pdk1p is not dependent on the actin cytoskeleton 
 
Next, the possibility of involvement of the actin cytoskeleton in Pdk1p 
localisation was tested. Upon treatment of synchronised Pdk1p-GFP cdc25-22 cells with 
the actin depolymerising drug Lat-A, we were able to observe Pdk1p in the medial 
cortical region of 45 out of 50 metaphase cells examined (Figure 13D). Moreover, all 
cells had one or two bright fluorescent dots.  Therefore, the actin cytoskeleton is unlikely 
to be required to localise Pdk1p to the cortex or the SPBs. 
3.4.3. Pdk1p-GFP localises to additional structures in the cells when over-expressed 
  
There are several instances reported, whereby mild over-expression of a protein 
tagged with a marker enhanced the localisation of a given protein to a detectable level. In 
order to further examine the sub-cellular localisation of Pdk1p, we generated strains in 
which the fusion construct was driven from the thiamine repressible nmt1 medium and 
weak strength promoters (for details see Materials and Methods). In the presence of 
thiamine no fluorescence was detected. In contrast 24-30 hours after the start of the 
induction we were able to identify mitotic cells in which the GFP signal was associated 
with spindle pole bodies (Figure 13E-a). The cortical localisation however was more 
diffused than that of the native protein (Figure 13E-b). In addition, most cells showed a 
faint but clearly recognisable nuclear localisation. Another interesting observation was 
the presence of cells in which Pdk1p-GFP was localised not only to the nucleus but also 
to some unidentified nuclear structures as well as dots at the two tips (Figure 13E-d). This 
finding is consistent with data reported by Matsuyama and colleagues who performed a 
large scale analysis of the localisation of fission yeast proteins [173]. The intensity of 
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fluorescence greatly varied and in some cases we observed accumulation of cytoplasmic 
dots which could be aggregates (Figure 13E-e). This phenomenon is likely a result of 
different levels of expression of Pdk1p-GFP in individual cells. 
3.5. Levels of Pdk1p do not change during the cell cycle 
 
Examination of sub-cellular localisation of Pdk1p-GFP expressed from the native 
promoter showed that the protein localises to the SPBs and cortical region only in cells 
undergoing mitosis. We sought to investigate whether this pronounced change in the 
localisation of Pdk1p-GFP is reflected in changes of the levels of protein during the cell 
cycle. To this end, a pdk1+ cdc25-22 strain tagged with 13 repeats of Myc at the pdk1 
genomic locus was created. Cells were synchronised at G2/M as described earlier and 
samples were taken every 20 min. For protein extraction, 20 mL of cells were pelleted by 
centrifugation and frozen in liquid nitrogen, while 1 mL of culture was fixed with 
formaldehyde and examined for septation and nuclear division as indicators of cell cycle 
progression. Equal amounts of protein total lysates were then separated on an SDS-PAGE 
gel and the levels of Pdk1p-13Myc determined using a monoclonal α-c-myc antibody. 
For the loading control, an α-tubulin (α-TAT-1) antibody was utilized. Analysis of the 
protein blot showed no detectable changes in the levels of Pdk1p-13Myc during the cell 
cycle (Figure 14A). Examination of the blot revealed also that the electrophoretic 
mobility of Pdk1p-13Myc at different timepoints does not change either. This indicated 
several possibilities such as: a) the phosphorylation of Pdk1p does not result in 
conformational changes leading to band shift and/or b) that the protein is constitutively 
phosphorylated, c) the protein is not phosphorylated. To potentially differentiate between 
these possibilities, lysates were incubated with/without calf intestinal alkaline
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phosphatase (CIP) in the presence or absence of phosphatase inhibitors (PI) and 
migration of Pdk1p-13Myc bands examined. No detectable differences were observed 
(Figure 14B), therefore further experiments are needed to investigate the phosphorylation 
status of Pdk1p during the cell cycle. 
3.6. pdk1 genetically interacts with fission yeast polo like kinase plo1 
 
 
The localisation pattern of Pdk1p is reminiscent of the fission yeast polo like 
kinase Plo1p [65], in that both proteins are present on early mitotic SPBs and in medial 
cortical rings. To test the possibility that these similarly localising proteins perform 
overlapping functions, pdk1∆ strain was crossed to different temperature sensitive 
mutants of plo1. The alleles chosen were plo1-1, plo1-24C, plo1-25 [57]. Given the 
possibility of synthetic genetic interactions, and that plo1ts mutants were rescued by 
addition of 1.2 M sorbitol as an osmotic stabilizer (AB, unpublished results), tetrads were 
dissected on plates containing 1.2 M sorbitol. Two double mutant strains, namely pdk1∆ 
plo1-1 and pdk1∆ plo1-25 were found to be incapable of colony formation. The third 
double mutant (pdk1∆ plo1-24C) was capable of growth (Figure 15A), but the cells 
exhibited a variety of morphological phenotypes, suggesting a possible overlap of 
function. To further characterise the phenotypes resulting from simultaneous loss of 
Pdk1p and Plo1p, the cultures initially incubated in the presence of sorbitol were washed 
and grown in the absence of the osmolyte.  
Three major phenotypes have been described in cells depleted of Plo1p-kinase. 
These include (1) mitotic abnormalities caused by the formation of a monopolar mitotic 




formation of multinucleate cells with back-to-back nuclei, similar to that observed in SIN 
mutants [57, 63, 93]. The plo1ts mutants used in this study display all the above-
mentioned phenotypes at the restrictive temperature of 36°C, but rarely do so at the 
permissive temperature of 24°C. In contrast, double mutants exhibited a striking increase 
in the numbers of cells with all three above described phenotypes at 24°C. We observed a 
high incidence of cells with monopolar mitotic spindles (76.00%±5.64) as well as cells 
with not properly segregated chromosomes (Figure 15B, 15C-a). Compared to the single 
mutants, which either did not have, or only a minor fraction (1-2%) displayed defects in 
chromosome segregation, the pdk1∆ plo1ts double mutants exhibited chromosome 
segregation defects in 5 to 20% of the cells (Figure 15C-a). Furthermore, whereas less 
than 1% of all plo1ts mutants and approximately 7% of pdk1∆ cells contained misplaced 
septa, up to 50% of the double mutant cells showed this defect (Figure 15C-c). Finally, 
20-25% of all three pdk1∆ plo1ts double mutants displayed a SIN phenotype in contrast to 
plo1ts single mutants where this phenotype was rarely observed (Figure 15C-d). The high 
percentage of pdk1∆ cells with SIN phenotype indicates that this phenotype is the least 
synthetic, when the function of Plo1p and Pdk1p is simultaneously compromised.  
The genetic analyses performed with plo1 and pdk1 therefore established that 
these two gene-products possibly function in an overlapping manner to regulate mitotic 
progression, actomyosin ring positioning and SIN-signalling. 
3.7. pdk1∆ exhibits an additive deleterious phenotype in combination with clp1∆ 
 
 
As was shown earlier, pdk1∆ mutants accumulate cells with multiple nuclei. This 
could result from improper assembly/function of the actomyosin ring, or from defective
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SIN-signalling. Mishra et al. ([56]) reported that a checkpoint mechanism that depends 
on the protein phosphatase Clp1p/Flp1p [179, 180]) and SIN allows for completion of 
cytokinesis and increased viability in response to minor damage to the cell division 
apparatus. Several viable mutants partially defective in the cell division apparatus depend 
on Clp1p for their viability. We found that the pdk1∆ phenotype was substantially 
worsened in the absence of Clp1p. Thirty-four percent of the pdk1∆ clp1∆ double mutant 
cells accumulated more than two nuclei (Figure 16). This is considerably higher than 
what is seen in clp1∆ (0.5%) and pdk1∆ (7%) single mutants. The additive phenotypic 
effect upon combination of pdk1∆ and clp1∆ suggested that pdk1∆ cells were partially 
defective in the assembly and/or function of the cell division apparatus. 
3.8. Assembly of the Mid1p ring is altered in pdk1∆ cells 
 
3.8.1. Pdk1p is important for efficient organization of Mid1p rings at mitosis 
 
The similarities between the localisation of Pdk1p and Plo1p (which regulates 
Mid1p localisation [57]) and the finding that mid1 mutants, as with pdk1∆ mutants, are 
delayed for actomyosin ring assembly [58] suggested that pdk1∆ cells might be defective 
for Mid1p localisation. Alternatively, pdk1∆ cells might be defective for proper assembly 
and function of other actomyosin ring components. We therefore examined the 
localisation of ring components such as Mid1p-GFP, Cdc4p, Rlc1p-GFP, and F-actin in 
wild-type and pdk1∆ cells. The localisation of Cdc4p (Figure 17A), Rlc1p-GFP and F-
actin (data not shown) was similar in wild-type and pdk1∆ cells. Interestingly, however, 
Mid1p-GFP localisation was altered in pdk1∆ mutants compared to wild-type cells 
(Figure 17A). It has been reported that Mid1p leaves the nucleus early in mitosis upon
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activation by polo kinase and translocates into a cortical band which collapses into a tight 
ring during anaphase [26]. Whereas the exit of Mid1p from the nucleus was not altered in 
pdk1∆ cells, properly organised Mid1p rings were infrequently observed. In a wild-type 
culture only 2% of cells undergoing anaphase contained Mid1p-GFP in a broad medial 
band, while the rest had fully formed Mid1p-GFP rings. Deletion of Pdk1p resulted in 
pronounced increase in the percentage of late mitotic cells with broad Mid1p rings (34%, 
Figure 17B). Thus, Pdk1p is important for efficient organisation of Mid1p rings at 
mitosis.   
Since pdk1∆ cells are defective in assembly of compact Mid1p rings and are 
dependent on Clp1p for maximal viability, we examined if mid1∆ [24]; [25] cells showed 
a deleterious effect in combination with clp1∆. In mid1∆, 20% of cells contained two or 
more nuclei in contrast to 66% observed in the double mutant of mid1∆ clp1∆ (Figure 
16A-B). Therefore, cells depleted of Mid1p depend on Clp1p for maximal viability.  
3.8.2. Mid1p is essential for cortical localisation of Pdk1p 
 
Given the interaction between Mid1p and Pdk1p, we addressed if Pdk1p 
localisation to the cell cortex depended on Mid1p function. To this end, Pdk1p-GFP was 
expressed in a mid1∆ cdc25-22 strain. Whereas mitotic cdc25-22 cells displayed 
prominent cortical Pdk1p localisation, such localisation was not detected in cells deleted 
for mid1 (Figure 17C). This observation indicated that Mid1p is essential for cortical 
localisation of Pdk1p and necessary to target Pdk1p to the future site of cell division. 
3.9. Physical interactions between pdk1, plo1 and mid1 
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Based on the observed genetic interaction between pdk1∆ and plo1ts mutants as 
well as on dependencies of localisations of Mid1p and Pdk1p on each other, we decided 
to investigate the possibility of physical interaction between these proteins.  
3.9.1. Co-immunoprecipitations 
 
For co-immunoprecipitation assays double tagged strains expressing Pdk1p-GFP 
Plo1p-13Myc and Pdk1p-GFP Mid1p-3HA were created. Wild-type, single and double 
tagged strains were processed for immunoprecipitation using α-guinea pig-GFP antibody, 
and analysed on Western blot with α -Myc, α-HA and α-GFP antibodies. While pull 
down of Pdk1p-GFP with GFP antibodies was successful, bands indicating binding to 
Plo1p or Mid1p were not detected (data not shown). This result raised the possibility that 
the interactions between these proteins could be either temporary or too weak to survive 
the purification process.  Alternatively, the interaction could be non-existent. 
3.9.2. Two hybrid tests 
 
Since it was not possible to detect any physical interactions between pdk1, plo1 
and mid1 using the co-immunoprecipitation approach, we decided to utilise two hybrid 
analysis. Full-length cDNAs of all three genes were cloned into both DNA binding 
domain (BD) and activation domain (AD) vectors. The obtained plasmids were co-
transformed with each other or empty vectors, and the interactions tested on plates 
containing X-Gal (Figure 18). When cells were co-expressing the empty BD plasmid and 
the AD-mid1 construct, the colour of the colonies became dark blue, indicative of a 
strong false positive interaction. Therefore, it was not possible to assess interaction of 
plo1 and pdk1 with AD-mid1. When BD-mid1 was co-expressed with the empty AD
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plasmid, the colour of the colonies remained unaltered. The combination of BD-mid1 and 
AD-plo1 resulted in medium blue colonies, demonstrating interactions between these 
proteins. This observation was similar to earlier results [57]. No significant visible 
change in the colours of colonies co-expressing AD-pdk1 and BD-mid1, AD-pdk1 and 
BD-plo1 or BD-pdk1 and AD-plo1 was detected. 
3.10. Role of Pdk1p in SIN signalling 
 
3.10.1. pdk1 genetically interacts with several components of the SIN 
 
We have described the occurrence of pdk1∆ cells with multiple nuclei, a 
phenotype similar to that observed in SIN mutants. Moreover, components of this 
signalling cascade in S. pombe are known to localise to the SPB at discrete stages during 
the cell cycle (reviewed in [78]). We therefore investigated the existence of genetic 
interactions between SIN mutants and pdk1∆. Temperature sensitive mutants (for 
genotypes see Table 1) of sid1, sid2, sid3, sid4, cdc7, cdc11, cdc14 and cdc16 were 
crossed to pdk1∆. Three double mutants: pdk1∆ sid2-250, pdk1∆ spg1-106, and pdk1∆ 
sid4-A1 were unable to divide and form colonies at all temperatures in the absence of 
sorbitol, but were capable of colony formation at 24°C when the growth medium was 
supplemented with sorbitol (Figure 19A). Microscopic examination of these cells 
revealed that the lethality of all three double mutants was due to failure of cytokinesis 
indicated by the accumulation of multiple nuclei in cells (Figure 19B). 
3.10.2. Localisation of SIN proteins in pdk1∆ cells is unaltered 
 
All components of the SIN pathway are present at least on one SPB at some point 
during the cell cycle (reviewed in [78]). Similarly, Pdk1p-GFP can also be detected at

 87
this structure in mitotic cells. To explore the relation of Pdk1p to the SIN pathway, we 
decided to examine the localisation pattern of various SIN proteins in cells deleted for 
pdk1. Given our observation that pdk1∆ cells exhibit a more pronounced phenotype when 
grown at 36°C in the presence of sorbitol (data not shown), all cultures initially incubated 
at 24°C were shifted to 36°C in YES with 1.2 M sorbitol for the period of 6 h. Samples of 
pdk1∆ cultures expressing Sid1p, Sid2p, Spg1p, Sid4p, Cdc7p, Cdc11p or Plo1p tagged 
with GFP/CFP were fixed with formaldehyde, and examined microscopically. 
Unexpectedly no changes in the localisations were observed indicating that Pdk1p is not 
required for SPB localisation of the tested SIN components (Figure 20A). 
3.10.3. Pdk1p localises to SPBs in SIN mutants 
 
To further investigate the question of how pdk1 interacts with the septation 
initiation network, the localisation of Pdk1p-GFP was visualised in cells with loss of 
function mutations in sid1, sid2, spg1, sid4, cdc7, cdc11, cdc16 and plo1 genes. A 
specific fluorescence signal was clearly observable in all mutants, reflecting that the 
localisation of Pdk1p to the SPB is independent of these SIN mutants (Figure 20B). It is 
possible therefore, that Pdk1p localisation is regulated via other mechanisms.  These 
could include binding through an unidentified protein, or events leading to 
posttranscriptional modifications such as phosphorylation/dephosphorylation.  
3.10.4. Protein levels of Cdc14p are lower in the absence of Pdk1p 
 
We have shown earlier that a fraction of pdk1∆ mutants display a SIN like 
phenotype. However, the localisation experiments demonstrated that neither does 
localisation of various SIN components to the SPB require Pdk1p, nor is the presence of
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SIN necessary for Pdk1p localisation.  To identify factors responsible for the SIN 
phenotype of pdk1∆ cells, we next analysed the protein levels of SIN components such as 
13Myc-Sid1p, Sid2p-13Myc, Spg1p-HAH, Cdc7p-3HA, 13Myc-Cdc14p and Plo1p-3HA 
in the absence Pdk1p. The levels of all but one examined proteins were unaltered when 
compared to controls. Interestingly, we found a significant decrease in the amount of 
13Myc-Cdc14p (Figure 21A), indicating that insufficient amounts of this protein might 
contribute to the phenotype observed in pdk1∆ cells. 
3.10.5. Over-expression of Cdc14p does not rescue the pdk1∆ phenotype 
 
The observation that Cdc14p is considerably less abundant in cells lacking the 
fission yeast Pdk1p raised the possibility that over-expression of this SIN protein might 
result in rescue of SIN phenotypes of pdk1∆ cells. However, it has been reported, that 
strong over-expression of cdc14+ results in cell cycle arrest in late G2 [181]. Therefore, 
we used a medium strength nmt41 promoter (pRep41) and found no such effect in wild-
type cells (data not shown). Next, cdc14+ was expressed in pdk1∆ cells, and the 
percentage of multinucleate/cytokinesis defective cells in an asynchronous population 
was determined.  Elevated levels of Cdc14p did not result in any significant decrease in 
the number of cells with above described defects compared to the control (Figure 21B).    
3.10.6. Over-expression of sid2 phosphomimetic mutants does not rescue the pdk1∆ 
phenotype 
 
In higher eukaryotes, PDK1 is a major kinase that phosphorylates and thereby 
activates proteins that belong to the AGC family of kinases (reviewed in [182]). 
Interestingly, one of the SIN proteins, Sid2p, classifies as an AGC family kinase [183]. 
Sequence analysis of fission yeast Sid2p revealed the existence of three putative PDK1
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binding sites [184]. We wished to test the possibility if over-expression of sid2 
phosphomimetic mutants [185] could rescue the SIN phenotype of pdk1∆ cells. To this 
end, we generated single and double site phosphorylation mutants (for details see 
Materials and Methods 2.10.3.) and assessed the degree of rescue. Expression of neither 
phosphomimetic sid2 mutants however was sufficient to suppress the SIN phenotype of 
pdk1∆ cells (data not shown). Therefore, Sid2p is unlikely the downsteam target of 
Pdk1p. 
3.11. Is Pdk1p a functional homologue of PDK1 kinases? 
 
3.11.1. The mouse PDK1 can partially rescue some defects of the fission yeast pdk1∆ 
cells 
 
Sequence analysis of Pdk1p revealed that this protein is related to members of the 
PDK1 family identified in other eukaryotes. Given this observation, we wished to test if 
the mammalian PDK1 could substitute for S. pombe Pdk1p functions. To this end, the 
mouse homologue was cloned to be controlled by the strongest and weakest thiamine 
repressible promoters and subsequently overexpressed in fission yeast cells lacking 
Pdk1p. Comparison of phenotypes as a consequence of over-expression of mPDK1 or 
empty vector showed a significant difference in the number of multinucleate cells as well 
as cells with SIN phenotype and misplaced septa (Figure 22).  Overexpression of full-
length fission yeast pdk1 under the control of nmt1 promoter (or using a multi-copy 
vector) resulted in full suppression of pdk1∆ phenotypes (data not shown). Therefore the 
observed decrease in the number of pdk1∆ cells with SIN phenotype, misplaced septa and 
multiple nuclei upon overexpression of mPDK1 indicates a partial rescue.
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 3.11.2. Pdk1p is able to bind most types of phosphoinositides in vitro 
 
It has been shown that the metazoan phosphoinositide dependent protein kinases 
are able to bind to some membrane phosphoinositides through their own lipid interacting 
PH domain. Notably, several proteins, including PH domain proteins, are targeted to 
membranes in a specific way via interaction with a protein ligand [186, 187]. Even 
though we could not identify any specific membrane associating domains in the sequence 
of fission yeast Pdk1p, we investigated the possibility of its binding to biologically active 
lipids. In an in vitro assay, the bacterially expressed and purified GST-Pdk1p fusion 
protein was incubated with a hydrophobic membrane containing 15 different lipids and 
interactions were tested using α-GST antibody. Interestingly, a strong binding to various 
phosphoinositides, but not to other lipid species or solvent control was detected (Figure 
23A). 
3.11.3. Pdk1p localises to cortex in wt manner in the absence of Ptn1p 
 
The result of the protein-lipid overlay assay showed that the bacterially expressed 
GST-Pdk1p fusion protein binds with preference to PIP, PIP2, and strikingly, to PIP3 (see 
Figure 23A). The pathway for generating the PtdIns(3,4,5)P3 was considered to be absent 
from fission yeast. This hypothesis was revised, when PTEN (the homologue of 
phosphatase and tensin homologue deleted on chromosome 10) was identified in S. 
pombe [138]. Deletion of Ptn1p resulted in accumulation of this previously undetected 
lipid in the cells [138]. These findings urged us to examine whether increased amounts of 
PIP3 have any influence on the localisation of PDK1p to the cortex (Figure 23B). 
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Contrary to our expectations, microscopic observations did not indicate any detectable 





4.1. Protein kinases 
 
The eukaryotic protein kinase super-family comprises one of the largest family of 
enzymes, as an estimated 2.3% of genes encode for protein kinases in various organisms 
[188]. Protein kinases control numerous processes in a eukaryotic cell i.e. progression 
through the cell cycle, metabolism, transcription, rearrangement of cytoskeleton, cell 
migration and differentiation. Moreover, core elements of many signal transduction 
pathways are kinases. According to preliminary calculations, 30% of proteins contain 
covalently bound phosphate(s) [189], further signifying the importance of 
phosphorylation as a regulatory mechanism.   
Extensive genome sequencing projects in several organisms initiated 
comprehensive analyses of protein kinase super-families (kinomes) [188, 190-196]. First 
studies focused primarily on classification and investigation of the evolutionary 
relationships of kinases. These in silico surveys have been followed by diverse 
approaches that aimed to functionally analyse entire kinomes/proteomes [197, 198]. 
Among them are screens in which loss of function mutants have been generated by 
various methods. RNA mediated interference was applied in human and Drosophila cell 
lines [199, 200] [201], while insertional mutagenesis or deletion of the ORF by 
homologous recombination was performed in budding yeast cells [202, 203].  
Numerous studies exist that describe and analyse the function of the already 
identified individual protein kinases in S. pombe (reviewed in [8]). However, a systematic 
approach has not been applied to characterise all protein kinase catalytic domain 
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containing proteins. The availability of a fully sequenced genome for S. pombe coupled 
with the efficiency of manipulation by recombinant DNA techniques allowed us to 
perform a large-scale assay of protein kinases. From the range of functional analysis tools, 
we have selected the strategy of deletion of the entire ORF.  We aimed to generate a bank 
of isogenic kinase mutants, each containing a pair of unique sequences functioning as 
molecular barcodes. Beyond the phenotypic assessment of mutants, the existence of such 
an inventory enables to carry out subsequent specific screens, i.e. search for novel genes 
required for aspects of mitosis and cytokinesis.   
Sequence analysis of the fission yeast genome has revealed the existence of 106 
proteins that contain eukaryotic protein kinase signatures. Forty-five of these were 
uncharacterised when this study was initiated, and 14 were reported to be essential for 
viability of the cells. In order to perform the analysis, 92 open reading frames 
representing all protein kinases (with the exception of those known to be indispensable) 
were selected for the construction of deletion alleles.  
Upon generation of mutants, three novel essential genes were identified, thereby 
increasing the number of protein kinases indispensable for vegetative growth to 17 (16% 
of all S. pombe protein kinases). According to data obtained from the Saccharomyces 
Genome Database, the budding yeast genome contains 20 essential ORFs encoding for 
protein kinases (or ~16% of the kinase complement) (www.yeastgenome.org/26.10.2006). 
Comparison of the two yeast species indicated that similar fractions of their kinomes are 
necessary for the survival of the cells in both organisms.   
A phenotypic assessment of viable deletion mutants exposed to different stress 
factors revealed that the function of 46% of these kinases are required for growth under 
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one or several stress conditions tested in this study. The comparison of growth 
phenotypes allowed us to assign functions to putative protein kinases based on 
established information of previously characterised protein kinases classified in the same 
group.  
Various stress factors could disrupt different cellular metabolic pathways and/or 
cellular components. Defective growth observed under a particular stress condition 
implies that the deleted kinase is potentially involved in mediating-, or reacting to- 
signals during the cellular response given to that stress factor. In addition, dosage ranges 
of stress factors exhibit different degrees of disruption to cellular growth. By assaying a 
large number of deletion mutants with a range of dosages, we have shown that the stress 
factors may be divided into four groups (raising also the possibility of the existence of 
four major signalling pathways). These networks may operate in fission yeast cells in 
response to the perturbations caused by a particular stress factor.  
Of 89 dispensable protein kinases, 15 were found to function during vegetative 
growth under stress conditions as well as sporulation. On the other hand, 12 appear to 
function specifically during sporulation. Thirty-six out of 89 non-essential kinase mutants 
displayed no obvious phenotype in both the vegetative growth assay and the sporulation 
assay, suggesting redundant functions for these protein kinases. Alternatively, they may 
be required for growth under conditions not examined in this study. 
The visual screen of cells stained with DAPI and aniline blue to observe nuclei 
and septa as well as the screen for latrunculin-A sensitive mutants resulted in 
identification of two novel putative ORFs (Pdk1p and Lsk1p) that subsequently have 
been shown to be involved in aspects of mitosis and/or cytokinesis [171, 204]. 
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The generated collection of kinase deletion mutants is a valuable resource for 
functional genomics and could be utilised comprehensively. Besides carrying out drug 
sensitivity experiments, it is possible to assay the strains for their resistance to various 
stress factors. Furthermore, the function of kinases could be analysed by examining the 
expression profiles of individual mutants. Importantly, every strain contains two unique 
sequences. These molecular barcodes can be amplified using common primers that 
recognize the regions flanking them [203]. The PCR product could then be hybridized to 
a microarray containing sequences complementary to both strands of the barcode. 
Therefore, by using this technique, it is possible in principle to measure simultaneously 
the presence of all deletions in a single experiment and assess quantitatively the fitness 
contribution of each strain.  Another approach that could provide information about the 
function of individual kinases is the synthetic lethality screen, whereby the combination 
of two separately non-lethal mutations is tested for lethality. This analysis allows 
generation of a genetic interaction map, and identification of genes that are required for 
redundant biological processes [205]. 
4.2. Characterisation of Pdk1p 
 
4.2.1. Identification of Pdk1p, a protein homologous to phosphoinositide dependent 
protein kinases 
 
We have identified Pdk1p by screening a bank of S. pombe strains deleted for all 
predicted protein kinases in order to find novel proteins involved in mitosis and 
cytokinesis. Pdk1p is closely related to phosphoinositide dependent protein kinases 
identified in different eukaryotic organisms. The metazoan PDK1 is one of the two key 
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effectors of the insulin/insulin-like growth factor-1 signalling pathway (reviewed in [107, 
182, 206]). Studies in mammalian cells have shown that PDK1 phosphorylates and 
activates the AGC kinase family members regulated by phosphoinositide 3-kinase 
(reviewed in [182, 207]). In Drosophila, dPDK1 functions as a central regulator of 
cellular and organism growth by controlling the AGC kinases Akt and S6K [208].  
The majority of phosphoinositide dependent protein kinases isolated from higher 
eukaryotes have a pleckstrin homology domain enabling their binding to phospholipid 
membranes and association with substrates. Notably the budding yeast homologues 
Pkh1p and Pkh2p lack the pleckstrin homology domain [122] and are regulated by 
sphingolipid long-chain bases instead [124, 209, 210]. It is interesting to note also that 
the mammalian PDK1 associates with the PH-domain protein PKB/AKT (reviewed in 
[107]). Thus these observations point towards alternative means by which the S. pombe 
Pdk1p could interact with membranes, since according to our results obtained from the 
sequence analysis, S. pombe Pdk1p is most related to Pkh1p and does not contain 
detectable PH or any other lipid interaction domains. It is possible that although Pdk1p 
lacks a PH domain, it might interact physically with other proteins possessing a PH 
domain and/or it could be regulated by sphingolipids rather than phosphoinositides. 
Remarkably, in vitro experiments performed with the bacterially expressed full-length 
protein showed, that Pdk1p is capable of binding to majority of phosphoinositides but not 
other lipid species, including sphingolipids. Therefore, it would be interesting to 
determine the in vivo binding specificity of Pdk1p. In addition, the influence of lipid 
binding on the kinase activity could be explored. In conclusion, further experiments are 
needed to establish the significance of membrane association of Pdk1p in cellular events.  
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The mammalian PI3K pathway utilises the second messenger PtdIns(3,4,5)P3. 
Since PtdIns(3,4,5)P3 had not been detected in yeasts, the existence of an analogous 
pathway was questioned. This assumption however was revised when PtdIns(3,4,5)P3 was 
detected in a fission yeast strain deleted for ptn1, homologue of mammalian PTEN [138].  
Although we did not observe differences in the localisation of Pdk1p in cells with 
elevated amounts of PtdIns(3,4,5)P3, we cannot exclude the possibility that the variation 
(if any) is beyond our detection limits. In addition, we did not determine differences in 
the affinities of GST-Pdk1p towards individual PIP species. Therefore the association of 
Pdk1p with PtdIns(4,5)P2 rather than PtdIns(3,4,5)P3 could be an alternative explanation.  
Analysis of the genome of S. pombe indicates the presence of two PDK1 like 
protein kinases: Ksg1p and Pdk1p.  Ksg1p has been reported to be required for meiosis 
and growth [127-129] and similarly to Pdk1p does not display differential localisation to 
the cortex when ptn1 is deleted [138]. The stationary phase induced cell cycle arrest and 
sporulation defects of ksg1ts at restrictive conditions can be overcome by human PDK1 
(mentioned in [211]). Interestingly, overexpression of mouse PDK1 in fission yeast cells 
lacking pdk1 leads to a partial rescue of some cytokinetic phenotypes, that is, decrease in 
the percentage of a) multinucleate cells, b) cells with SIN phenotype as well as c) 
misplaced-disorganised septation. Therefore, the capability of PDK1 like proteins to 
regulate these processes is possibly retained during evolution.  
It is interesting to note that the SIN component Sid2p is related to members of the 
AGC family of kinases ([77, 183] which are known to be regulated by PDK1 family 
members [182]. Results of our experiments aimed at over-expressing sid2 mutants that 
mimic phosphorylation at the putative Pdk1 binding sites showed however that it was not 
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sufficient to rescue the SIN phenotype of pdk1∆ cells. Interestingly, phosphorylation of 
Thr578 in Sid2p is crucial for its full activation. Moreover, several upstream SIN mutants 
are partially rescued, when Sid2p-T578E is overexpressed [185]. The observation that 
pdk1∆ cells were not rescued by elevated levels of Sid2p-T578E could also indicate that 
Pdk1p may not be involved in the phosphorylation of this site. 
4.2.2. Mitotic and cytokinetic functions of Pdk1p 
 
Pdk1p is not essential for cell viability although mitotic and cytokinetic 
abnormalities were observed. These include a pronounced delay in metaphase due to the 
activation of the spindle assembly checkpoint, a delay in actomyosin ring assembly and 
defects associated with the incorporation of anillin-related Mid1p into the actomyosin 
ring. Pdk1p appears to mediate these effects in combination with Plo1p, the fission yeast 
Polo-kinase homologue. 
What role does Pdk1p play in mitosis? Cultures of pdk1∆ contain a high 
proportion of cells with short metaphase spindles suggesting that Pdk1p plays an 
important, although non-essential role in mitotic progression. As a consequence of the 
metaphase delay, cytokinesis and septation are delayed in pdk1∆ cells. This delay in 
metaphase is likely a result of the activation of the spindle assembly checkpoint, given 
our observation that the delay is completely abolished in the absence of Mph1p or Mad2p. 
Previous studies have implicated at least two events that are monitored at metaphase 
(reviewed in [30]): kinetochore attachment to the plus ends of the kinetochore-
microtubules (monitored by function of Mph1p and Mad2p) [45, 48, 49, 212], and proper 
orientation of the bipolar metaphase spindle leading to the establishment of tension 
(monitored by function of Mph1p but not Mad2p) [213, 214]. Pdk1p might be important 
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for kinetochore attachment, since pdk1∆ mad2∆ cells show reduced metaphase delay and 
the absence of pdk1 results in an increased proportion of cells with Mad2p at the 
kinetochores. 
An abnormal proliferation of astral microtubules was detected in pdk1∆ cells in 
early stages of mitosis, as observed upon activation of a metaphase delay by treatment of 
cells with Latrunculin A or in cells carrying a mutation in the actin-encoding gene act1 
[215]. Some of the astral microtubules have been shown to be intranuclear, although it is 
unclear if both intranuclear and extranuclear astral microtubules exist at metaphase [176]. 
Assuming most astral microtubules are intranuclear at metaphase, the proliferation of 
astral microtubules observed in pdk1 mutant cells might result from defects in 
kinetochore attachment and the intranuclear asters might serve the “search-and-capture” 
function. Alternatively, the extensive proliferation of astral microtubules might include 
both intranuclear and extranuclear entities, resulting from improper spindle orientation 
and establishment of tension as well as kinetochore attachment [176, 214, 215].  
Pdk1p localises to both SPBs and the medial cortical region from early mitosis 
until early anaphase B. Interestingly, Pdk1p is not detected at the SPBs in cells with fully 
elongated mitotic spindles and in cells with post-anaphase array of microtubules. Pdk1p 
was also not observed in interphase cells. The localisation of Pdk1p is strikingly similar 
to that of the fission yeast Polo-related Plo1p [57, 65]. However, although Plo1p 
localisation depends on the SIN components [82], localisation of Pdk1p is independent of 
Plo1p and Sid1p, Sid2p, Spg1p, Sid4p, Cdc7p, Cdc11p, Cdc14p, Cdc16p. Interestingly, 
as in the case with Plo1p, Pdk1p requires Mid1p function to localise to the cell cortex. 
These similarities in the localisation of Pdk1p and Plo1p led us to investigate 
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relationships between these two protein kinases. We have shown that compromising 
Pdk1p function leads to the exacerbation of the phenotype of certain ts alleles of plo1. In 
particular, while plo1-1 and plo1-25 are able to form colonies at 24°C (the permissive 
temperature for all parental strains), the double mutants pdk1∆ plo1-1 and pdk1∆ plo1-25 
display a synthetic lethal phenotype and are unable to form colonies at this temperature. 
All obvious aspects of Plo1p function appear to overlap with Pdk1p function. Thus, 
pdk1∆  plo1-1 and pdk1∆  plo1-25 exhibit defects in chromosome segregation, bipolar 
spindle formation, timely actomyosin ring and division septum assembly as well as 
proper positioning of the ring. Therefore, Pdk1p plays a minor role in several processes 
that Plo1p participates in, and these minor roles are exposed when Plo1p function is 
partially compromised. We have presently been unable to find physical interactions 
between Plo1p and Pdk1p by co-immunoprecipitation (data not shown) and two-hybrid 
analyses. It is therefore possible that Pdk1p and Plo1p do not physically interact, but 
share substrates leading to the overlap of their function. Alternatively, the interaction 
could be too weak to be detected in our immunoprecipitation assays. 
We have shown that pdk1∆ cells exhibit a delay in actomyosin ring assembly that 
is not fully bypassed by deletion of mph1 or mad2 suggesting that the delay might in part 
be due to structural defects associated with the actomyosin ring. Previous studies have 
shown that structural defects in the actomyosin ring are monitored via a checkpoint 
mechanism that involves the protein phosphatase Clp1p/Flp1p and the SIN [56, 179, 180, 
216-218]. We have demonstrated that clp1∆ displays an additive deleterious effect in 
combination with pdk1∆, consistent with the idea that pdk1∆ cells assemble structurally 
defective rings and that their maximal viability depends on Clp1p function. Delayed 
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actomyosin ring assembly has been described from the analysis of mid1 mutants [58], 
suggesting that Pdk1p might modulate Mid1p function. Consistent with this, whereas 
Mid1p is detected in rings in wild-type cells in late anaphase, it was more diffuse in a 
high proportion of pdk1∆ cells. Interestingly, a similarly incomplete accumulation of 
Mid1p into actomyosin rings has been detected in plo1ts mutants [26]. Thus, Pdk1p and 
Plo1p might phosphorylate Mid1p to regulate its structural properties leading to timely 
actomyosin ring assembly and incorporation of Mid1p into the actomyosin ring. The 
molecular mechanism of Pdk1p-Mid1p interaction is presently unclear, particularly since 
we have been unable to detect physical interactions between these two proteins. 
The occurrence of cells with SIN phenotype in pdk1∆ cultures suggests that 
Pdk1p might modulate SIN function positively. pdk1∆ mutants also exhibit synthetic 
lethal interactions with several mutants of the SIN pathway, such as spg1-106, sid4-A1, 
and sid2-250. SIN components and majority of their regulators localise to SPBs at some 
point during the cell cycle and this localisation likely plays important role in the SIN 
signalling. We have shown that Pdk1p localisation is independent of SIN function (as 
well as the SPB component Cut12p) and the pattern of localisation of SIN proteins (Sid1p, 
Sid2p, Spg1p, Sid4p, Cdc7p, Cdc11p) to the SPBs in pdk1∆ during the cell cycle is not 
different from wild-type. However, the observed synthetic lethality between pdk1∆ and 
temperature sensitive mutants of some but not all SIN proteins indicate that Pdk1p might 
either influence specifically the function of Sid2p, Spg1p and Sid4p or might be related 
to the relative severity of the mutant alleles used.  
Interestingly pdk1∆ sid2-250 mutants in contrast to pdk1∆ sid4-A1 and pdk1∆ 
spg1-106 do not accumulate highly elongated multinucleate cells characteristic of several 
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SIN ts mutants at high restrictive temperature, but lyse as short binucleate cells. This lysis 
phenotype resembles the phenotype observed in some SIN mutants, in particular sid2-250 
at low restrictive temperatures. It has been proposed that this lysis phenotype was not 
originated from failure of actomyosin ring maintenance or constriction, but rather was a 
consequence of defects in primary and/or secondary septum synthesis [219]. Therefore, 
Pdk1p might contribute to the potential role of SIN pathway in septum formation.  
Although we observed a significant decrease in the levels of Cdc14p protein upon 
depletion of cells of Pdk1p, over-expression of Cdc14p did not rescue the SIN phenotype. 
Nevertheless, the finding that SIN proteins participate in correcting defects associated 
with the cell division apparatus [56, 216, 217] might provide an alternative explanation to 
the observed synthetic lethality between pdk1∆ and SIN mutants. 
In conclusion, we carried out a large-scale deletion screen of fission yeast protein 
kinases. Systematic analysis led to the characterisation of sensitivities of these mutants in 
response to treatment with various stress factors, enabling their functional grouping. We 
also identified novel kinases involved in the process of mating, meiosis and sporulation.  
In addition we reported the first characterised role of the PDK1 family of protein kinases 
in the regulation of events of mitosis and cytokinesis. The fission yeast PDK1-related 
protein Pdk1p appears to be important for assembly of a bipolar spindle, actomyosin ring 
positioning, and Mid1p incorporation into the actomyosin ring. We have shown that 
Pdk1p cooperates with Plo1p to regulate mitosis and cytokinesis. Future studies should 
identify substrates of these kinases in order to further characterise their contribution to 
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Appendix 1. List of all protein kinases in the S. pombe genome. 
 
Symbol    Sysname           Viability         Process  Referencea 
ark1 SPCC320.13c Lethal Mitosis and cytokinesis [51] 
bub1 SPCC1322.12c Viable Spindle checkpoint [47]; this studyb 
byr1 SPAC1D4.13 Viable Response to pheromone [220]; this study 
byr2 SPBC1D7.05 Viable Response to pheromones [220]; this study 
cdc2 SPBC11B10.09 Lethal Cell cycle regulation [221] 
cdc7 SPBC21.06c Lethal Mitosis and Cytokinesis [222] 
cdk9 SPBC32H8.10 Lethal Mitosis [159]; this study 
cdr1 SPAC644.06c Viable Cell cycle regulation [223]; this study 
cdr2 SPAC57A10.02 Viable Cell cycle regulation [223]; this study 
cds1 SPCC18B5.11c Viable DNA replication checkpoint [162]; this study 
cek1 SPCC1450.11c Viable Unknown [224]; this study 
chk1 SPCC1259.13 Viable DNA replication checkpoint [225]; this study 
cka1 SPAC23C11.11 Lethal Polarized growth [226] 
cki1 SPBC1347.06c Viable Unknown [227]; this study 
cki2 SPBP35G2.05c Viable Unknown [227]; this study 
cki3 SPAC1805.05 Viable Unknown [227]; this study 
cmk1 SPACUNK12.02c Viable Regulation of cell shape [228]; this study 
cmk2 SPAC23A1.06c Viable Response to oxidative stress [228]; this study 
crk1 SPBC19F8.07 Lethal Regulation of transcription [229] 
csk1 SPAC1D4.06c Viable Cell cycle regulation [230]; this study 
dsk1 SPBC530.14c Viable Regulation of pre-mRNA splicing [231]; this study 
fin1 SPAC19E9.02 Viable Mitosis and cellular morphogenesis [167]; this study 
gad8 SPCC24B10.07 Viable Unknown [128], this study 
gsk3 SPAC1687.15 Viable Mitosis and cytokinesis [232]; this study 
gsk31 SPBC8D2.01 Viable Unknown [233]; this study 
hhp1 SPBC3H7.15 Viable DNA repair [161]; this study 
hhp2 SPAC23C4.12 Viable DNA repair [234]; this study 
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Symbol    Sysname           Viability         Process  Referencea 
hri1 SPAC20G4.03c Viable Neg. regulator of translation initiation [235]; this study 
hri2 SPAC222.07c Viable Neg. regulator of translation initiation [235]; this study 
hsk1 SPBC776.12c Lethal Chromosome organization [236] 
kin1 SPBC4F6.06 Viable Cell wall organization [237]; this study 
ksg1 SPCC576.15c Lethal Cell wall organization [127] 
lkh1 SPAC1D4.11c Viable Response to oxidative stress [238]; this study 
lsk1 SPAC2F3.15 Viable Mitosis and cytokinesis [204]; this study 
mde3 SPBC8D2.19 Viable Sporulation [239]; this study 
mek1 SPAC14C4.03 Viable Meiotic recombination [240]; this study 
mik1 SPBC660.14 Viable DNA replication checkpoint [17]; this study 
mkh1 SPAC1F3.02c Viable Cell wall organization [241]; this study 
mph1 SPBC106.01 Viable Mitotic spindle checkpoint [49]; this study 
nak1 SPBC17F3.02 Lethal Polarized growth and maintenance [158]; this study 
oca2 SPCC1020.10 Viable Unknown [242]; this study 
orb6 SPAC821.12 Lethal Regulation of cell shape [243] 
pck1 SPAC17G8.14c Viable Cell wall organization [168]; this study 
pck2 SPBC12D12.04c Viable Cell wall organization [168]; this study 
pef1 SPCC16C4.11 Viable Regulation of G1/S transition [244]; this study 
pek1 SPBC543.07 Viable Cell wall integrity [245]; this study 
pit1 SPAC3C7.06c Viable Sporulation [239]; this study 
pka1 SPBC106.10 Viable Regulation of glycolysis [246]; this study 
plo1 SPAC23C11.16 Lethal Mitosis and cytokinesis [63] 
pmk1 SPBC119.08 Viable Cell wall integrity maintenance [247]; this study 
pom1 SPAC2F7.03c Viable Polarized growth and cytokinesis [248]; this study 
ppk1 SPAC110.01 Viable Unknown This study 
ppk2 SPAC12B10.14c Viable Unknown This study 
ppk3 SPAC15A10.13 Viable Unknown This study 
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Symbol    Sysname           Viability         Process  Referencea 
ppk4 SPAC167.01 Viable Unknown This study 
ppk5 SPAC16C9.07 Viable Unknown This study 
ppk6 SPAC1805.01c Viable Unknown This study 
 ppk8 SPAC22G7.08 Viable Unknown This study 
ppk9 SPAC23H4.02 Viable Unknown This study 
ppk10 SPAC29A4.16 Viable Unknown This study 
ppk11 SPAC2C4.14c Viable Unknown This study 
 ppk13 SPAC3H1.13 Viable Unknown This study 
ppk14 SPAC4G8.05 Viable Unknown This study 
ppk15 SPAC823.03 Viable Unknown This study 
ppk16 SPAC890.03 Viable Unknown This study  
ppk18 SPAPB18E9.02c Viable Unknown This study 
ppk19 SPBC119.07 Viable Unknown This study 
ppk20 SPBC16E9.13 Viable Unknown This study 
ppk21 SPBC1778.10c Viable Cytokinesis This study 
ppk22 SPBC1861.09 Viable Unknown This study 
ppk23 SPBC18H10.15 Viable Unknown This study 
ppk24 SPBC21.07c Viable Unknown This study 
ppk25 SPBC32C12.03c Viable Unknown This study 
ppk26 SPBC336.14c Viable Unknown This study 
ppk27 SPBC337.04 Viable Unknown This study 
ppk28 SPBC36B7.09 Viable Unknown This study 
ppk29 SPBC557.04 Viable Unknown This study 
ppk30 SPBC6B1.02 Viable Unknown This study 
ppk31 SPBC725.06c Viable Unknown This study 
ppk32 SPBP23A10.10 Viable Unknown This study 
ppk33 SPCC162.10 Viable Unknown This study 
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Symbol    Sysname           Viability         Process  Referencea 
ppk34 SPCC1919.01 Viable Unknown This study 
ppk35 SPCC417.06c Viable Unknown This study 
ppk36 SPCC63.08c Viable Unknown This study 
ppk37 SPCC70.05c Lethal Unknown This study 
ppk38 SPCP1E11.02 Viable Unknown This study 
prp4 SPCC777.14 Lethal Regulation of pre-mRNA splicing [249] 
psk1 SPCC4G3.08 Viable Unknown [250]; this study 
ran1 SPBC19C2.05 Lethal Negative regulator of meiosis [251] 
sck1 SPAC1B9.02c Viable Cell proliferation [252]; this study 
sck2 SPAC22E12.14c Viable Unknown [253]; this study 
shk1 SPBC1604.14c Lethal Regulation of cell shape [254] 
shk2 SPAC1F5.09c Viable Regulation of cell shape [255]; this study 
sid1 SPAC9G1.09 Lethal Mitosis and cytokinesis [68] 
sid2 SPAC24B11.11c Lethal Mitosis and cytokinesis [68]                       
spk1     SPAC31G5.09c       Viable Meiosis [220]; this study 
spo4 SPBC21C3.18 Viable Meiosis [256]; this study  
srb10 SPAC23H4.17c Viable Negative regulator of transcription [257]; this study 
srk1 SPCC1322.08 Viable Negative regulator of meiosis [258]; this study 
ssp1 SPCC297.03 Viable Cell wall organization [259]; this study 
ssp2 SPCC74.03c Viable Unknown This study 
sty1 SPAC24B11.06c Viable Response to stress [165]; this study 
wee1 SPCC18B5.03 Viable Cell cycle regulation [260]; this study 
win1 SPAC1006.09 Viable Response to stress [163]; this study 
wis1 SPBC409.07c Viable Response to stress [261]; this study 
wis4 SPAC9G1.02 Viable Response to stress [164]; this study 
aOnly one reference for each previously characterized protein kinase was selected due to space limitations.  
Additional references can be found in database PomDB (www.incyte.com). 
bA strain bearing a kinase deletion allele was constructed and its phenotype assessed in this study. 
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  Class IA Catalytic (Hs p110α, β, δ) (Dm Pi3K92E, Pi3K21B) 
   Regulatory (Hs p85α, β, p55δ) 
     
 Class IB Catalytic (Hs p110γ) 




    Catalytic (Hs PI3K-C2α, β, γ) 




Catalytic (Hs Vps34, Dm VPS34, Ce vps34, Sc VPS34,     
SpVps34p) 
Regulatory (Sc VPS15, Hs p150) 
Accessory (Sc VPS30, Hs BECN1) 




(Hs-Homo sapiens, Dm-Drosophila melanogaster, Ce-Caenorhabditis elegans, Sc-
Saccharomyces cerevisiae, Sp-Schizosaccharomyces pombe)
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Appendix 4. Stress factors and concentration ranges used in this study. 
 




MM (Minimum medium) NA 
BFA (brefeldin A) 10-25 µM Molecular Probes 
Bleo (bleomycin B) 1 µg/ml Calbiochem 
Calc (calcofluor) 40-200 µg/ml Sigma 
cHex (cycloheximide) 10-20 µg/ml Sigma 
EGTA (ethylene glycol tetraacetic acid) 5 mM Sigma 
EMS (metansulphonic acid ethyl ester) 0.2% Sigma 
H2O2 (hydrogen peroxide) 0.3-1 mM Sigma 
HU (hydroxyurea)  7.5 mM Sigma 
KCl 0.4-1.2 M Sigma 
Lat-A (latrunculin A) 0.2-0.5 µM Molecular Probes 
MBC (methyl 2-benzimidazole carbamate) 5-10 µg/ml Sigma 
MMS (methyl methanesulphonate) 0.01% Sigma 
4NQ (4-nitroquinoline-N-oxide) 0.062 µg/ml Sigma 
SDS (sodium dodecyl sulphate) 0.003-0.01% Sigma 
Sorbitol 1.2-2 M Sigma 
TBZ (thiabendazole) 10-20 µg/ml Sigma 
